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ABSTRACT 
To detect and resolve sub-wavelength features at optical frequencies, beyond the 
diffraction limit, requires sensors that interact with the electromagnetic near-field of those 
features. Most instruments operating in this modality scan a single detector element 
across the surface under inspection because the scattered signals from a multiplicity of 
such elements would end up interfering with each other. However, an alternative 
massively parallelized configuration, consisting of a remotely interrogating array of 
dipoles, capable of interrogating multiple adjacent areas of the surface at the same time, 
was proposed in 2002.   
In the present work a remotely interrogating slot antenna inside a 60nm silver slab is 
designed which increases the signal to noise ratio of the original system. The antenna is 
tuned to resonance at 600nm range by taking advantage of the plasmon resonance 
properties of the metal’s negative permittivity and judicious shaping of the slot element. 
Full-physics simulations show the capability of detecting an 8nm particle using red light 
illumination. The sensitivity to the λ/78 particle is attained by detecting the change 
induced on the antenna’s far field signature by the proximate particle, a change that is 
15dB greater than the scattering signature of the particle by itself.   
To verify the capabilities of this technology in a readily accessible experimental 
environment, a radiofrequency scale model is designed using a meta-material to mimic 
the optical properties of silver in the 2GHz to 5GHz range. Various approaches to the 
replication of the metal’s behavior are explored in a trade-off between fidelity to the 
metal’s natural plasmon response, desired bandwidth of the demonstration, and 
ii 
 
manufacturability of the meta-material. The simulation and experimental results 
successfully verify the capability of the proposed near-field sensor in sub-wavelength 
detection and imaging not only as a proof of concept for optical frequencies but also as a 
potential imaging device for radio frequencies. 
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Chapter 1  
 
INTRODUCTION 
 
The International Technology Roadmap for Semiconductors (ITRS) has listed among 
its Metrology difficult challenges above 12nm, the detection and sizing of very small 
particles. Particularly challenging is the introduction of SOI (Silicon on insulator) 
substrates because its enhanced optical reflection and surface quality impact the 
sensitivity of traditional optical detection methods while surface charging effects interfere 
with electron beam detection methods. The ITRS states that “Existing capabilities will 
not meet Roadmap specifications”. In addition, for the detection challenges below 12nm, 
“nondestructive, production worthy wafer and mask-level microscopy for… defect 
detection, and analysis” is listed among the critical needs. The Roadmap clearly shows 
that real particle detection limits of 11nm are currently required and 8nm in 2017; but “no 
known manufacturable solution exists” [1].   
Therefore, a detection technology that is in principle independent of the substrate and 
capable of defect detection and identification at the sub-10nm scale is of considerable 
interest. 
It is traditionally assumed that to detect defects with dimensions of 10nm and below 
(less than λ/30 at blue light), far-field optical methods are not viable and that we will 
have to resort to DUV (Deep ultraviolet) sources or to scanning microscopy approaches. 
For the latter SEM (Scanning electron microscope), SPM(Scanning probe microscope) 
and even NSOM (Near-field scanning optical microscopy)) to work with high through-
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put they would have to be implemented into massively parallel arrays.  Therefore since 
2009 the ITRS Metrology Roadmap recommended continued research into both SPM and 
SEM array methods [2]. However, a hybrid alternative first proposed in 2002 by Watts et 
al [3-6] could be implemented in the near term and would support ITRS needs well into 
2017. This technique, called a Wave Interrogated Near field Array (WINFA), enables 
mature and robust optical sources traditionally used for the scatterometry of defects 80nm 
and larger to detect sub 20nm defects, thus obviating the need of DUV scatterometers and 
Scanning Microscopy approaches to operate  in vacuum. A general schematic of the 
WINFA system is shown in figure 1-1. 
 
Fig. 1-1.  Schematic of the WINFA system: Every antenna in a remotely interrogated 
array simultaneously scans its unit cell (of the order of 2 square wavelengths) via its near 
field hot spot. The location and identification of defects is obtained through Optical 
Fourier Filtering of the array’s scattering signature 
 
The origin of the WINFA concept can be traced back to Grober’s [7] demonstration 
that an open-feed bowtie antenna placed in front of a radiating open-ended waveguide 
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concentrates the incident energy into a sub-wavelength region at its feed. The dimensions 
of this “hot spot” are consistent with the extent of the quasi-electrostatic field that would 
be expected to develop between the oppositely charged tips of the bowtie’s feed.  The 
fact that the energy in these hot-spots is a major component of the reactive near field of 
the antenna means that any perturbation of this region is translated into a change in the 
antenna’s input impedance. Thus, an array of such antennas disposed on a plane and 
illuminated by a distant source creates under itself an array of hot-spots where not only is 
the incident wave energy concentrated but where any intruding object will cause the 
greatest possible change to the antenna’s scattering signature.  
If this array is then used to scan a smooth surface (e.g. a bare semiconductor wafer) in 
search of contaminants or defects, then said defects will be (a) strongly illuminated by the 
hot-spot (typically with an energy density one order of magnitude higher than was 
available in the original illuminating plane wave) and (b) strongly coupled to the 
illuminating antenna through its near field.  
While most of the near-field detecting systems require the target to re-radiate into the 
free space background to be detected, the WINFA relies on the feature’s perturbation of 
the illuminating antenna to modify the re-radiation by the antenna itself. The difference in 
the detection signal is dramatic. Instead of dealing with the Rayleigh-like scattering cross 
section of an electrically small scatterer, the instrument detects the change in the 
extremely large scattering cross section of a resonant antenna. A full-physics 
computational solution of Maxwell’s equations (FDTD) on the original WINFA [4,5] 
showed that when the scattered radiation by an isolated defect is compared to the change 
in scattering from the antenna due to the presence of the defect, the latter power level 
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exceeds the former by more than 30dB (more than 3 orders of magnitude.)  This gain is 
only partly due to the increased power density at the near field hot spot of the antenna. 
The rest of the gain is due to the fact that the defect radiates through the antenna. In a 
sense the antenna acts as a transducer. (It should be noted that the requirement to “fly” 
the antenna array over a wafer surface close enough for the surface to interact with the 
sub-wavelength hot-spots of the antennas is not a fundamental obstacle to the deployment 
of the system.) Controlled flying height in magnetic read-head systems at 50nm was 
demonstrated in 2000 [8] and is routinely done as close as 3nm [9, 10] 
All near-field detection systems have to contend with background noise, including 
secondary scattering from the surface due to the strong incident wave and blockage by 
the instrument’s focusing tip itself. This presents a major challenge in constructing a 
massively parallel array of scanning microscopy detectors in which the radiation from an 
excited feature is not to be blocked by the rest of the array. In the WINFA the antennas 
do not block each other. In fact, the cooperative nature of their array scattering is what 
allows filtering of the far field signature by Fourier Optics techniques. 
However, there are two significant obstacles in the direct application of the Watts 
WINFA concept to optical metrology. The first is the assumption of highly conducting 
metal antennas. At optical frequencies, metals are Drüde-like dielectrics and not 
necessarily highly conducting. There are only two realistic candidate materials: silver and 
gold of which gold is the easiest to work with; but is also the most lossy. In Watts’ Thesis 
[4] the suggestion of using a nanosphere in its plasmon resonance mode as the detecting 
antenna is made, but attempts at constructing such Noble-metal based antennas using 
electron beam lithography were not successful [11]. The second obstacle was the 
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limitation of the technique to bare wafer inspection. As can be surmised from figure 1, to 
avoid blinding the detectors, the reflected beam from the antenna plane and the surface 
under inspection is designed to scatter forward, while the detection is performed at 90
o
 to 
the plane using the first order Bragg lobe pattern. This can only work if the surface under 
inspection is smooth enough that it does not scatter any of the plane wave energy 
transmitted past the antenna array in the direction of the first order Bragg lobe region.  
Therefore, as conceived, the original WINFA array consisting of an array of 
conducting antenna elements cannot be used for scanning patterned wafers in search of 
process defects nor to measure critical dimensions (CD) on the same because of 
potentially insurmountable Signal-to-Noise Ratio (SNR) problems. In addition to the 
advancement of nano-manufacturing techniques in the intervening nine years since the 
Watts et al patent [6], the Plasmonic WINFA configuration discussed here eliminates the 
SNR concern and opens the door for inspection of both bare and patterned surfaces using 
this technology.  
The idea is that instead of using as the array Noble-metal antennas on a transparent 
substrate we propose to use aperture antennas in a Noble-metal film. The following figure 
shows this updated version of the original WINFA system.  
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Fig. 1-2.  Updated version of WINFA system. Array of slot antennas inside a slab of 
silver is used instead of the metal antennas. 
 
Making the film thick enough renders it opaque to penetration by the incident plane 
wave except for the resonant concentration at the slots. Thus only the areas under the 
antenna surface illuminated by the individual hot spots can interact with the antennas and 
send information to the far field. Critical to the operation of this P-WINFA is the fact that 
the concentration of energy at the hot-spot of the resonant antennas occurs on both faces 
of the Noble-metal film allowing the delivery of high power density from the wave above 
to the defects below and in turn communication of the perturbation by the defect below 
into the far field of the space above. These aperture antennas work because they exploit 
the plasmonic evanescent wave enhancement [12, 13] associated with the negative 
permittivity of the Noble-metal film in the visible range that is responsible for anomalous 
transmission through sub-wavelength apertures in such films as reported in before [14].  
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In the outline of this dissertation first the phenomenon of extraordinary transmission 
through the sub-wavelength apertures inside metals at optical frequencies are reviewed in 
chapter 2. In chapter 3 the performance of the P-WINFA system at optical frequencies is 
evaluated using the Finite Difference Time Domain (FDTD) full physics computational 
electromagnetics method. Because the WINFA system relies on detecting changes in the 
antenna element’s scattering cross section, the antenna element must be designed to be a 
large enough fraction of the incident wavelength to ensure that its Radiation Resistance is 
high enough to offset the effects of the inevitable Loss Resistance of its material of 
construction. If this is not so, the antenna’s radiation efficiency will be low and its 
scattering cross section proportionally reduced. At the same time, all the dimensions 
involved should be compatible with current nano-manufacturing and nano-scale 
lithography techniques. The trade-offs involved are illustrated by considering hole-based 
antennas in silver (the least lossy of the Noble metals for optical frequencies.) It is shown 
that the double-hole element [15] and its variants are analogous to the Watt’s folded 
dipole [5] and produce a strong resonance at a frequency much lower than the Nobel 
metal’s surface natural plasmon resonance frequency. Thus, using a 60nm silver layer 
(with surface plasmon resonance of the metal-air boundary at 380nm) we get an efficient 
antenna that is 80nm long resonating in the 600nm range, the operating region of the 
ubiquitous red laser pointers.  
Chapter 4 explains in detail the design of a radiofrequency meta-material that mimics 
the properties of silver for this application. It is shown that attempting to mimic the bulk 
properties of silver using a three dimensional wire grid array is impractical because it 
would require using wires only a few microns thick. However, because the slot antenna’s 
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resonance in the negative permittivity film is a surface phenomenon, with the top and 
bottom film surfaces coupled to each other through the thickness of the film and the body 
of the slot, the more manufacturable option of replacing the film with a finite number of 
circuit layers is available. Circuit layer configurations of varying complexity are 
developed depending on the fidelity with which the silver film’s Transmission and 
Reflection properties are to be matched over the bandwidth of interest; and their 
properties are subsequently verified by simulation using the full-physics electromagnetics 
solver HFSS (High Frequency Structural Simulator) by ANSYS. In accordance with the 
expectations derived from Maslovski and Tretyakov [16] the final design only requires 
two inductive surfaces to support the antenna’s localized “plasmon” resonance. These 
surfaces are separated from each other by a region of conducting vias perpendicular to the 
surfaces that suppress the propagation of parallel plate modes between the inductive 
layers.  
In chapter 5 the performance of the manufactured metamaterial will be reported as 
well as the performance of the RF scaled WINFA system as it is used to scan surface 
topographies with sub-wavelength details and sub-wavelength particles. Finally chapter 6 
discusses the conclusion and suggested future works both for the optical and radio 
frequencies.  
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Chapter 2  
 
LIGHT TRANSMISSION THROUGH ARRAYS OF SUB-WAVELENGTH HOLES 
 
2.1 Introduction 
 
The phenomenon of extraordinary optical transmission (EOT) through the 
subwavelength apertures was first introduced by Ebbesen et al [14] in 1998. Since then 
lots of studies has been done in this field. Some of them addressed the physical insight 
and analytical solution to this problem [18-21] while others have experimentally 
discussed the original results and suggested different methods and various geometries 
rather than the simple original holes [23,24]. The application of such structures in 
imaging, nano sensing, nanolithography, surface-enhanced fluorescence etc. has also 
been discussed in many papers [25-28]. In spite of the wide divergence in explanations, 
all the papers agree that at optical frequencies excitation of  surface plasmons of  noble 
metals play an important role.  
The approach of this report is to first explain the concepts of the Drüde materials and 
surface plasmons in the next section. These concepts help better understanding of the 
EOT (Extraordinary Optical Transmission) phenomenon. The original research in this 
area; dated back to 1800’s such as the one by Wood, Rayleigh, Fano, Kirchhoff and 
Bethe; are also discussed in this chapter. [29-33]. The last section deals with a review on 
some of the early works in the area of transmission of lights through apertures in metals 
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as well as the literature review on the researches following the original work by Ebbesen 
and his colleagues. 
2.2 Drüde Materials and Surface Plasmons  
 
The word plasmon means plasma oscillation and surface plasmons (SPs) are 
coherent delocalized electron oscillations that exist at the interface between any two 
materials where the real part of the dielectric function changes sign across the interface 
[18]. The charge motion always creates electromagnetic waves. These electromagnetic 
fields (inside and outside the metal), in other words the total excitation including the 
charge motion and associated electromagnetic field, are called surface plasmon 
polaritons. These waves have a shorter wavelength compared to the incident wave 
(photon) which makes them more confined spatially with higher local field intensity. 
Therefore these kinds of waves have great potential for the applications in which the 
diffraction limit is required to be overcome such as imaging, very high accurate 
lithography etc.   
Metals at optical frequencies show a negative permittivity which is the key to the 
existence of surface plasmons. The permittivity of noble metals (such as silver and gold) 
can be displayed in terms of the so called Drüde model. In the next subsection we explain 
the Drüde materials and the derivation of their permittivity model. 
2.2.1 Drüde Materials 
 
To explain the optical properties of conductors and non-conductors a comprehensive 
way is to look at the energy levels of electrons in solids. There are a large number of 
electrons with different energy levels in a solid which causes the total energy level to 
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look continuous. However, because of the periodicity in the crystal lattice of the solid the 
energy levels of electrons are grouped into bands. Materials in which there is a forbidden 
energy band between a completely filled energy band and a completely empty energy 
band are called non-conductive materials. On the other hand conductive materials are 
those in which the filled and empty energy bands overlap or there exists an energy band 
which is partially filled by electrons.  
Since conductive materials have both filled and vacant energy levels in the same 
energy band, the low energy photons are strong enough to move the electrons from the 
filled levels to the vacant levels. The electrons on the top of the energy distribution will 
be excited by these photons and move to the other energy levels by these low energy 
photons. These electrons are known as free electrons.   Their optical properties can be 
obtained by setting the spring constant equal to zero in Lorentz harmonic oscillator 
model.  
In the Lorentz model, the electrons and ions are treated as simple harmonic oscillators 
and the following equation of motion is considered (ignoring magnetic forces and 
radiation reaction)
1
.[34] 
𝑚?̈? + 𝑏?̇? + 𝐾𝒙 = 𝑒𝑬𝑙𝑜𝑐𝑎𝑙 (2-1) 
Where m is the oscillator mass, K is the spring constant, K.x is the restoring force, b is 
the damping constant and E is the applied local electric field.  The solution of this 
equation gives two responses of displacement to the applied field: A transient response 
                                                          
1 Notations are the same as [34] 
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which dies out because of damping, and an oscillatory response with the same frequency 
as the applied local electric field. The steady state oscillatory response is 
𝑥 =
(𝑒/𝑚)𝐸
𝜔0
2 − 𝜔2 − 𝑖𝛾𝜔
 
(2-2) 
In this equation 𝛾 = 𝑏/𝑚 and 𝜔0
2 = 𝐾/𝑚 
Now if we consider N as the number of oscillator per unit volume, the polarization or the 
dipole moment per unit volume is  
𝑁𝒑 = 𝑁𝑒𝒙 (2-3) 
Defining the plasma frequency as  
𝜔𝑝
2 = 𝑁𝑒2/𝑚𝜀0 (2-4) 
and keeping in mind that the polarization relates to the applied field by susceptibility 
𝜒 through the following equation 
𝑷 = 𝜀0𝜒𝑬 (2-5) 
The dielectric function for the system of simple harmonic oscillators becomes 
𝜀 = 1 + 𝜒 = 1 +
𝜔𝑝
2
𝜔0
2 − 𝜔2 − 𝑖𝛾𝜔
 
(2-6) 
Now going back to our discussion on free electrons, if we set the spring constant or K 
equal to zero, 𝜔0  becomes zero and the dielectric function for free electrons is  
𝜀 = 1 −
𝜔𝑝
2
𝜔2 + 𝑖𝛾𝜔
 
(2-7) 
where the real and imaginary parts are  
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𝜀′ = 1 −
𝜔𝑝
2
𝜔2 + 𝛾2
 
𝜀" =
𝜔𝑝
2𝛾
𝜔(𝜔2 + 𝛾2)
 
(2-8) 
In equation (2-4) N is the density of free electrons. A basic treatment of the free 
electron motion is to consider  𝛾 as the damping factor defined by the interaction of 
electrons with lattice vibrations. For most of the metals at room temperature this factor is 
very small compared to the plasma frequency. Moreover, the plasma frequency for most 
of the metals is in the visible and ultraviolet range from 3 to 20 eV (~483 to 725 THz). 
Therefore ignoring  𝛾 at these frequencies leads to the following approximations of the 
dielectric function:                                                                                                                                   
𝜀′ = 1 −
𝜔𝑝
2
𝜔2
 
𝜀" =
𝜔𝑝
2𝛾
𝜔3
 
(2-9) 
Equivalency of these equations with the Lorentz model in (8) and keeping in mind 
that the above Drüde discussion mainly focused on the free electrons, reveal that metals 
behave like non-conductors at high frequencies.  
The above equations are often considered adequate to explain the behavior of metals 
at optical frequencies. However, to obtain a more accurate model up to UV (ultra-violet) 
range and to enable us to fit the model to experimental data we need to use the improved 
Drüde model. Therefore we start by writing the Lorentz equation of motion in terms of 
the speed of electrons. From this first step we consider the free electrons and set K equal 
to zero. 
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𝑚
𝑑𝒗
𝑑𝑡
+ 𝑏𝒗 = −𝑒𝑬 
(2-10) 
Since we are dealing with free electrons which create the conduction current we use the 
definition of the conduction current as 
𝑱 = −𝑁𝑒𝒗 (2-11) 
N is the number of electrons per unit volume. Since  𝑏 = 𝑚𝛾  
𝑚
𝑑(−𝑱/𝑁𝑒)
𝑑𝑡
+ 𝑚𝛾 (−
𝑱
𝑁𝑒
) = −𝑒𝑬 
(2-12) 
Hence 
𝑑𝑱
𝑑𝑡
+ 𝛾𝑱 = (
𝑁𝑒2
𝑚
)𝑬 
(2-13) 
If we consider a harmonic wave, the Fourier transform of the above equation gives  
(𝑗𝜔 + 𝛾)𝑱(𝜔) = (
𝑁𝑒2
𝑚
)𝑬(𝜔)     (2-14) 
Which leads to 
𝑱(𝜔) =
𝑁𝑒2
𝑚(𝛾 + 𝑗𝜔)
𝑬(𝜔) 
(2-15) 
This infers that the conductivity is  
𝜎(𝜔) =
𝑁𝑒2
𝑚(𝛾 + 𝑗𝜔)
=
𝑁𝑒2/𝑚
𝛾(1 +
𝑗𝜔
𝛾 )
=
𝜎0
1 +
𝑗𝜔
𝛾
 
(2-16) 
Now using Maxwell’s equations  
∇ × 𝑯 =
𝜕𝑫(𝑡)
𝜕𝑡
+ 𝑱 
(2-17) 
And again taking the Fourier transform  
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∇ × 𝑯(𝜔) = 𝑗𝜔𝑫(𝜔) + 𝜎(𝜔)𝑬(𝜔) (2-18) 
For the bounded electrons we have 
𝑫(𝜔) = 𝜀0𝜀𝐵𝑬(𝜔) (2-19) 
Replacing this equation into (18) and considering that ∇ × 𝐻(𝜔) = 𝑗𝜔𝜀𝑒𝑓𝑓(𝜔)𝐸(𝜔) 
We get  
𝜀𝑒𝑓𝑓 = 𝜀𝐵 − 𝑗
𝜎
𝜀0𝜔
 
(2-20) 
Now using equation (16) 
𝜀𝑒𝑓𝑓(𝜔) = 𝜀𝐵 − 𝑗
1
𝜀0𝜔
(
𝜎0
1 +
𝑗𝜔
𝛾
) 
(2-21) 
Separating this permittivity in its real and imaginary parts we get 
𝜀′(𝜔) = 𝜀𝐵 −
𝜔𝑝
2
𝜔2 + 𝛾2
 
(2-22) 
𝜀"(𝜔) =
𝜔𝑝
2𝛾
𝜔(𝜔2 + 𝛾2)
 
(2-23) 
This is similar to what we got previously in equation (2-8). The only difference is that 
the term 𝜀𝐵 has been replaced with 1. The  𝜀𝐵 is referred to as 𝜀∞ because it is the 
ultimate permittivity that would be seen in the material at infinite frequency. In Fig. 2-1 a 
sample real and imaginary parts of the bulk permittivity of silver has been illustrated. 
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Fig. 2-1.  Permittivity of silver (real and imaginary parts) 
 
As we observed from the equations and also in Fig. 2-1 at optical frequencies the 
noble metals show a negative real part permittivity. The negative permittivity is the key 
to explain the surface plasmon at the boundary of noble materials and dielectrics. In the 
next subsection we first show the conditions under which a plane wave can excite a 
surface plasmon wave at the boundary of metal-dielectric. Then we derive the equation 
for the longitudinal wave number of a half space metal-dielectric medium. Finally we 
show the fields at different regions of a stack configuration (dielectric-air-silver-air). 
2.3 Excitation of Surface Plasmons 
 
2.3.1 Eigen Value Solution for the Half Space Drüde Material 
 
Surface plasmon modes are electromagnetic excitations which propagate along the 
interface between a conductor and a dielectric. These waves have confined energy in the 
direction perpendicular to the interface and they can only exist in TM form [35]. To 
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prove this, consider first the TE modes with components of Ey, Hx and Hz , for the case of 
a Drüde half space below z<0 and free space above z>0.(Fig. 2-2). 
 
Fig. 2-2.  Surface plasmons can be excited at a silver-air boundary 
 
A TE mode has the E field with Y component and the H field with X and Z 
components. Since we assume that the surface plasmons are bounded to the surface they 
are evanescent perpendicular to the boundary and propagating along that. This means 
perpendicular to the boundary the wave number is pure imaginary and kz=-jαz and along 
the boundary it is kx=βx-jαx.   
𝐸𝑦2 = 𝐴2𝑒
−𝑗𝑘𝑥𝑥𝑒−𝑗𝑘𝑧2𝑧, 𝑘𝑥 = 𝛽𝑥 − 𝑗𝛼𝑥, 𝑘𝑧2 = −𝑗𝛼𝑧2 (2-24-a) 
𝐻𝑥2 = −𝐴2
1
𝑗𝜔𝜇0
𝛼𝑧2𝑒
−𝑗𝑘𝑥𝑥𝑒−𝛼𝑧2𝑧 
(2-24-b) 
𝐻𝑧2 = −𝐴2
−𝑗𝑘𝑥
𝑗𝜔𝜇0
𝑒−𝑗𝑘𝑥𝑥𝑒−𝑗𝛼𝑧2𝑧 
(2-24-c) 
For z>0 and  
𝐸𝑦1 = 𝐴1𝑒
−𝑗𝑘𝑥𝑥𝑒𝑗𝑘𝑧1𝑧, 𝑘𝑥 = 𝛽𝑥 − 𝑗𝛼𝑥, 𝑘𝑧1 = −𝑗𝛼𝑧1 (2-25-a) 
𝐻𝑥1 = 𝐴1
1
𝑗𝜔𝜇0
𝛼𝑧2𝑒
−𝑗𝑘𝑥𝑥𝑒+𝛼𝑧1𝑧 
(2-25-b) 
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𝐻𝑧1 = 𝐴1
𝑗𝑘𝑥
𝑗𝜔𝜇0
𝑒−𝑗𝑘𝑥𝑥𝑒+𝛼𝑧1𝑧 
(2-25-c) 
For z<0. 
Ey and Hx need to be continuous at the interface. Therefore 
𝐴1(𝛼𝑧1 + 𝛼𝑧2) = 0 (2-26) 
 
On the other hand the above definition of surface plasmon modes regarding their 
confinement to the interface requires that  𝑅𝑒[𝑘𝑧1] > 0 and 𝑅𝑒[𝑘𝑧2] > 0 . This can be 
satisfied only when A1 becomes zero which in turn makes A2 equal to zero. Thus there is 
no TE surface plasmon mode and surface plasmon modes exist only for TM 
polarizations. In the following the surface mode solution of a half space Drüde material is 
discussed. For a TM polarization the field components are Hy, Ex and Ez which can be 
written as 
𝐻𝑦(𝑧) =  𝐴2𝑒
−𝑗𝑘𝑥𝑥𝑒−𝑗𝑘𝑧2𝑧 , 𝑘𝑥 = 𝛽𝑥 − 𝑗𝛼𝑥, 𝑘𝑧2 = −𝑗𝛼𝑧2 (2-27-a) 
𝐸𝑥(𝑧) = 𝐴2
1
𝑗𝜔𝜀0𝜀2
𝛼𝑧2𝑒
−𝑗𝑘𝑥𝑥𝑒−𝛼𝑧2𝑧 
(2-27-b) 
 𝐸𝑧(𝑧) = −𝐴2
−𝑗𝑘𝑥
𝑗𝜔𝜀0𝜀1
𝑒−𝑗𝑘𝑥𝑥𝑒−𝛼𝑧2𝑧 (2-27-c) 
For z>0 and  
𝐻𝑦(𝑧) =  𝐴1𝑒
−𝑗𝑘𝑥𝑥𝑒𝑗𝑘𝑧1𝑧, 𝑘𝑥 = 𝛽𝑥 − 𝑗𝛼𝑥, 𝑘𝑧1 = −𝑗𝛼𝑧1 (2-28-a) 
𝐸𝑥(𝑧) = 𝐴1
−1
𝑗𝜔𝜀0𝜀2
𝛼𝑧1𝑒
−𝑗𝑘𝑥𝑥𝑒𝛼𝑧1𝑧 
(2-28-b) 
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𝐸𝑧(𝑧) = −𝐴1
−𝑗𝑘𝑥
𝑗𝜔𝜀0𝜀1
𝑘2𝑒
−𝑗𝑘𝑥𝑥𝑒𝛼𝑧1𝑧 
(2-28-c) 
For z<0. 
The Hy and Ez satisfy the continuity at the interface. Subsequently 
𝛼𝑧1
𝛼𝑧2
= −
𝜀1
𝜀2
 
(2-29) 
 
Since in all the above equations it was considered that the real parts of the 
propagation constants along the z axis are positive, i.e. αz1 and αz2 are positive; this 
condition (2-29) requires that the two media have permittivities with different signs. This 
tells us that we can have surface plasmons on a surface between a conductor and an 
isolator. Now for one of the mediums as a Drüde material and the other medium as a 
material with positive permittivity (usually air) the following relation exist between the 
propagation constants along the z and x.  
𝑘𝑧𝑚 = √𝑘𝑚2 − 𝑘𝑥𝑚2  (2-30) 
km represents the wave number in medium and it is either  𝑘0 above or 𝑘𝐴𝑔 =
𝑘0√𝜀𝑟  below. 
Using equations (2-29, 30) the x component of the propagation constant is 
𝑘𝑥 = 𝑘0√
𝜀𝑟
𝜀𝑟 + 1
 
(2-31) 
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The Eigen value guided wave solution is exact for zero loss. If the losses are small 
which is true for most of the metals at low frequencies, i.e. RF (Radio Frequencies), the 
propagation constant using Taylor expansion around ε” =0 should be valid. This leads to 
𝜀𝑟 = 𝜀𝑟
′ − 𝑗𝜀𝑟
′′, 𝜀𝑟
′ < 0, 𝜀𝑟
′′ > 0  (2-32) 
𝑘𝑥 = 𝑘0√
𝜀𝑟′
𝜀𝑟′ + 1
− 𝑗𝑘0 (
𝜀𝑟
′
𝜀𝑟′ + 1
)
3/2
∙
𝜀𝑟
′′
−2𝜀𝑟′
2 
(2-33) 
Two comments must be made: first, once the loss is high enough, the guided wave is 
lossy and therefore not truly guided. In fact the Eigen value guided mode solution 
assumptions are violated because the supposed guided field which has always existed 
must have existed at 𝑧 = −∞ with infinite value. An infinite field is not a finite solution 
to a source-less problem, yet that is precisely the definition of the solution to the 
homogeneous wave equation boundary value problem found by transverse resonance. 
Second, at the optical frequency noble metals are not necessarily low loss materials.  
If the relative permittivity εr is replaced by measurement data from the paper by Johnsons 
and Christy’s [36], the real part of kx will be as in Fig. 2-3.  
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Fig. 2-3.  Dispersion (ω-β) diagram for a half space Drude, fr is the surface plasmon 
resonance frequency of planar structures and fP is the bulk plasmon frequency of Ag. 
 
At low frequencies the blue curve is below the light line, meaning that the 
propagation constant is greater than k0 and the wave is slow. For the lossless solution the 
wave gets increasingly slow until it reaches an infinite propagation constant (infinitely 
slow wave) at the plasmon resonance when  𝜀𝑏𝑒𝑙𝑜𝑤 = −𝜀𝑎𝑏𝑜𝑣𝑒 . 
The addition of loss dampens this infinity and it makes the blue curve swing from the 
slowest mode at the surface plasmon resonance to a leaky fast mode above it. 
From this figure we see that at a certain frequency below the bulk plasmon frequency 
the wave vector (momentum) of the surface plasmon is smaller than the wave vector of 
the incident wave (photon). Therefore the surface plasmons cannot be excited by simply 
impinging a wave from a dielectric or air to a metal. In order to compensate for this lack 
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of momentum or wave number, a dielectric with permittivity higher than the permittivity 
of the medium for which the surface plasmon is going to be excited at its common 
boundary with metal is required. Fig. 2-4 illustrates the dispersion relation in silver and 
the light lines in air and a dielectric with permittivity of 2.3. (The silver data used here is 
not the same as Fig. 2-3.) 
 
Fig. 2-4.  Excitation of surface plasmons at the boundary of a Drude material and air 
using the evanescent waves coming from the boundary of a dielectric and air which was 
in turn generated by an incident wave impinging upon the dielectric-air boundary at an 
angle larger than critical angle   
 
As it was also observed in Fig. 2-3, the light line of air (blue line) does not intersect 
with the dispersion relation curve which means the maximum wave number (momentum) 
that we can get from the incident wave (photon) never exceed the required wave number 
(momentum) to excite the surface plasmon. However, if we use a dielectric, there is a 
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chance of intersecting the light line and dispersion curve; in other words the exciting of 
surface plasmons. The red dot line is the light line for the critical angle inside the 
dielectric and the black is for an angle greater than the critical angle. We know that at the 
boundary of two dielectrics when an incident wave is coming from the denser medium 
with an angle greater than the critical angle, an evanescent wave will propagate into the 
less dense medium. This shows that in order to excite surface plasmons the incident wave 
must be an evanescent wave coming from a dielectric with larger permittivity compare to 
the material (air) for which the surface plasmon is going to be excited at its boundary 
with metal (silver). 
2.3.2 Behaviour of Surface Plasmons at Boundaries of a Metal Slab 
 
Based on the above explanations the mechanisms of the most two fundamental 
methods of exciting the surface plasmons; the so called Kretschmann-Raether and Otto 
configurations can be understood intuitively [37, 38]. Fig. 2-5 shows these two 
configurations. 
 
Fig. 2-5.  Kretschmann-Raether (left) and Otto (right) configuration 
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To better understand these configurations we show the fields in a stack of dielectric 
and metal slabs in which the TIR (Total Internal Reflection) condition is used to generate 
the evanescent waves which excite the surface plasmons at a metal-dielectric interface. 
We assume a TM plane wave (magnetic field normal to the plane of incidence) impinges 
upon a dielectric slab with permittivity 2.33 at an angle larger than the critical angle. This 
dielectric slab has a boundary with air and therefore there is a critical angle at which the 
total internal reflection or TIR occurs at this boundary.  On the other side of the air space 
there is a slab of silver which has a thickness of 40 nm. This geometry is also shown in 
the same figure. (Fig. 2-6) 
 
Fig. 2-6.  Fields inside different regions of a stack of Drude metal and dielectrics. 
Thickness of Drude slab is 40nm and λ0=570nm 
 
We can see the confinement of energy at the boundaries of the metal slab. This helps 
to excite the surface plasmons at the surface of the silver slab and as it will be explained 
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it can lead to different phenomenon such as extraordinary transmission of light through 
sub-wavelength apertures. For a plane wave spectrum solution of the fields at the 
boundaries of a silver slab reader is referred to the appendix. 
2.4 Literature Review of Extraordinary Transmission Through Apertures in Metal Films 
at Optical Frequencies 
 
Transmission of light through apertures is not a new subject. In 1882 Kirchhoff 
addressed the problem of scattering of light through an aperture inside an opaque, black 
film and presented an approximate solution. In 1944 Bethe solved the problem of 
transmission of electromagnetic waves in a perfect conducting material quite accurately 
and derived equations which have since been used as a reference to show the anomalous 
behavior of metals (surface plasmons) at optical frequencies compared to that at lower 
frequencies (in Bethe’s work) in which the metal just reflects or scatters the waves. 
The theory of the apertures inside an opaque, black infinite screen (with no 
transmission and no reflection) has been solved approximately by Gustav Kirchhoff in 
1882. (Fig. 2-7) 
 
Fig. 2-7.  Transmission through an aperture in an opaque, black thin film (discussed by 
Kirchhoff 1882) 
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The black, opaque thin film as is depicted in Fig. 2-7 means that on the left side the 
only existing wave is the incident wave and no wave can penetrate the right side.  Making 
an aperture in this film will allow the light to pass through and the fields on the right side 
are no longer zero. In this problem Kirchhoff considered a scalar wave equation: 
∇2𝜓 + 𝑘0
2𝜓 = 0 (2-34) 
 
This equation is typically solved using the Green’s theorem2: 
𝜓(𝑟) =
1
4𝜋
∫ [
𝜕𝜓
𝜕𝑛
𝑒𝑗𝑘0𝑟
𝑟
−
𝜕
𝜕𝑛
(
𝑒𝑗𝑘0𝑟
𝑟
)] 𝑑𝑠
𝑆
 
 
(2-35) 
 
In this integral, S is the surface of the infinite plates, when they are closed at infinity. 
Based on the differential equations, if  𝜓(𝑟) and  
𝜕𝜓
𝜕𝑛
 are known on surface S they are 
known inside the whole surface (in other words on the right side of the screen). Since the 
screen is opaque,  𝜓(𝑟) can be considered zero on the screen but the aperture is 
problematic. Kirchhoff approximates 0 for 𝜓(𝑟)and 
𝜕𝜓
𝜕𝑛
  at the right of the screen and 
𝜓 = 𝜓0 for the aperture, where 𝜓0 is the value of the incident field. This approximation 
is correct as long as the size of the aperture is large compare to the wavelength because in 
this situation the fields passing through the aperture is almost propagating straight into 
the right of the screen. However for small apertures, where their size is in the order of a 
wavelength or less the diffraction at the edges of the aperture causes some waves to lay 
on the screen. Moreover, solving the scalar equation for all the field components 
separately does not guarantee the solution to the vector Maxwell’s equation. This 
                                                          
2
 Notations are from [22] 
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problem to the approximate solution of Kirchhoff was addressed by Bethe and 
Bouwkamp.[33, 39] 
In 1944 Bethe explained the shortcomings of Kirchhoff solution by solving a different 
problem. He considered the aperture in a perfect electric conductor (PEC) which means 
this time at the left side of the aperture we have both the incident field and the reflected 
field while in the original problem by Kirchhoff there was no reflection from the opaque 
black screen. However, to the right of the screen there is still no penetration since the 
surface is PEC with zero skin depth. Moreover the tangential electric field and the normal 
magnetic field is zero at the PEC screen. 
To solve this problem Bethe considered constant amplitude electromagnetic fields at the 
hole: 
 
𝐻𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙(ℎ𝑜𝑙𝑒)
=  
1
2
𝐻0(𝑙𝑒𝑓𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑐𝑟𝑒𝑒𝑛) 
𝐸𝑛𝑜𝑟𝑚𝑎𝑙(ℎ𝑜𝑙𝑒) =  
1
2
𝐸0(𝑙𝑒𝑓𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑐𝑟𝑒𝑒𝑛) 
 
(2-36) 
 
With these equations and the zero boundary conditions on the tangential electric field 
and the normal magnetic fields on the PEC screen, the problem is to find the fields on the 
right of the screen. As we see the tangential electric field and normal magnetic field face 
a discontinuity as we pass from the screen to the hole. This discontinuity was taken into 
account in Bethe’s paper by assuming the fictitious magnetic current and 
charge 𝑱𝑚, 𝜌𝑚  respectively. [33] 
∇ × 𝑬 = −𝜇
𝜕
𝜕𝑡
𝑯 − 𝑱𝑚 
(2-37) 
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∇ ∙ 𝑯 =
1
𝜇
𝜌𝑚 
 
Using these magnetic charge and current densities, Bethe calculated the power 
(Poynting vector) through the hole integrated in a  2𝜋  solid angle in which the total 
diffracted power can diffract. For a normal incident plane wave from the left side of the 
screen, this power becomes: 
𝑃𝑡𝑜𝑡 =
64
27𝜋
𝑘4𝑎6𝑆𝑖, 𝑆𝑖 =
1
2
𝑐𝜀0𝐸𝑖
2 
(2-38) 
In this equation  
64
27𝜋
𝑘4𝑎6  is considered as the effective cross section of the hole with 
physical area of  𝜋𝑎2 . It is observed that the effective cross section of small holes is 
proportional to 
1
𝜆4
 which was calculated as  
1
𝜆2
  in Kirchhoff’s solution. The diffracted 
power calculated by Bethe is the same as what was calculated in Rayleigh’s theory of 
scattering by small objects.      
Based on the previous discussion transmission of light through sub-wavelength 
apertures is insignificant. Therefore the results which started to be published since 1998 
must be due to a non-regular phenomenon happening in the metals at optical frequencies. 
This phenomenon is the excitation of surface plasmons at the boundary of metals and 
dielectrics at optical frequencies due to the Drüde behavior of metals in this frequency 
range. The way that the surface plasmons have effect on this extraordinary transmission 
has always been a subject of argument in different papers specially the ones who 
presented an analytical solution to this problem. Some of the hypotheses in this area; 
following the introduction of EOT in 1998; is summarized in a table in the appendix. 
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We describe some of the works in more detail. Horing et al [56] have presented the 
calculation of transmission through a sub-wavelength aperture inside a thin plasmonic 
film using the dyadic green function.  In this paper a closed form solution to the integral 
equation for the Dyadic Green’s function has been derived. The transmission is 
considered to have two major contributions: transmission through the hole and 
transmission through the film. The interference fringes from the hole and from the sheet 
both as a function of lateral distance has been shown and discussed. As the lateral 
distance grows these fringes flatten similar to the transmission through the sheet.  
In Fig. 2-8 the 3D and density plots of the Ex fields has been shown for the near-field and 
far-field. 
 
Fig. 2-8.  Near-field (left) and far-field (right) power pattern of a subwavelength aperture 
(R=5 nm) in a thin plasmonic layer (thickness=10 nm) (Horing et al. [56]) 
 
Yue et al [24] have studied the extraordinary transmission of light (visible to near 
infrared) through the arrays of nano-apertures inside a gold film experimentally. They 
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have investigated that the geometry of the apertures is an important factor in EOT. 
Transmission through the bridged nanohole pairs is more than the simple apertures and it 
increases as the shape of the nanohole pairs changes from triangular to circular and to 
squares. They have discussed the application of such arrays in plasmonic sensor devices 
to monitor food safety.  
Fig. 2-9 shows the EOT through an array of circular hole pairs. It is observed that the 
bandwidth and the amplitude of the transmission strongly depends on the gap between 
the two hole pairs. 
 
Fig. 2-9.  EOT through the bridged circular nanohole pairs for two different separating of 
the holes. Au film thickness is 50 nm and the dielectric material is quartz.(Yue et al [24]) 
 
Comparison of transmission through different geometries has been demonstrated in Fig. 
2-10. Similar kind of nano holes has been used as molecular resolution sensors (to detect 
the protein binding). The enhancement of light through the so called double nano hole or 
the optical trap results in detecting a 20 nm polystyrene particle. [26] 
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Fig. 2-10.  Transmission through different types of nano-apertures in a gold film. S=60 
nm, P=600 nm and d= 180 (Yue et al, [24]) 
 
Ishii and Shalaev studied the concentration of light (531 nm) by means of a lens 
fabricated by concentric array of holes inside a gold film [57]. The radius of the holes 
changes from around 50 nm to 90 nm and the thickness of the gold film is 380 nm.  In 
this paper it is mentioned that other than propagation of plasmonic modes inside the 
apertures the photonic modes are being considered to introduce the phase delay. The 
phase of the light passing through the holes strongly depends on each individual hole. 
Describing this dependency, a circular array of these holes is designed in a way that the 
total structure can focus a linearly polarized incident light. This way the phase front of 
the transmitted wave can be controlled by adjusting the radii of the holes. Since the array 
is composed of sub-wavelength holes which can be described as the discretization of the 
circular slits, no dependency on the incident light polarization occurs. In other words as it 
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is mentioned in this paper, the geometry is symmetrical both globally (the array in form 
of rings) and locally (each individual hole). (Fig. 2-11) 
 
Fig. 2-11.  Holey metal lens (Ishii et al [57]) 
 
 
Fig. 2-12.  Focusing of light – intensity map calculated by analytical model, focus point is 
at 10 micro-meter and the hole diameter is between 56-83 nm for different experiments 
(Ishii et al, [57]) 
 
The effect of grove or grating structures on enhancement of light through a single 
aperture has been studied in many papers (to name a few [50, 58-60]). In these works a 
periodic structure (grating) has been used and the enhancement of light transmission as a 
result of grating coupling of light to the surface waves (surface plasmons) at the metal 
surface is explained. At resonance the EOT occurs due to the enhancement of the 
oscillating electric field at the hole even though the fields inside the hole are evanescent. 
In some of these works e.g. [60] the grating structures has been considered for both the 
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entrance and existing surfaces of the metal. Therefore the excitation of the surface 
plasmons occurs at both surfaces. In other words at the existence face the power transfers 
partly to the free space and partly to the surface plasmons that gets excited by the 
periodic structure. This way the bound surface plasmon modes become leaky plasmon 
modes. Indeed by designing the appropriate grating the leaky waves gather all the power 
inside the surface plasmons and make this power radiate broadside with a narrower band 
compared to the radiation pattern of the power which comes out of the hole and directly 
go into the space. The amplitude of the leaky waves becomes smaller as they propagate 
away from the hole. 
Perceiving these kinds of behaviors of the light in presence of periodic gratings dates 
back to 1802 when Wood wrote about observing the anomalies in the spectrum of a 
continuous source given by metal diffraction-gratings. Woods observed that at some 
wavelengths the intensity in the spectrum changes from a maximum to a minimum and 
this occurs for the polarization in which the magnetic field is along the grating lengths. 
This work was then discussed by Lord Rayleigh in 1807. Rayleigh calculated a formula 
to show that the wavelengths, at which the Wood’s anomalies occur, depend on the angle 
of incidence and grating periods and they are related to the diffracted waves in the plane 
of gratings (passing-off of the spectrum). However this formula couldn’t show the precise 
wavelength of the Wood’s anomalies. Rayleigh explained this difference as the lack of 
knowledge about the precise grating period in Wood’s experiment. In 1941 Fano had a 
breakthrough and explained the Wood’s anomalies which isconsidered the first step to 
modern explanations of the surface plasmon phenomenon. He divided the anomalies into 
two groups: sharp anomalies and diffused anomalies. Sharp anomalies are the ones at the 
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edges of intensity. They are exactly at those wavelengths calculated by Rayleigh. On the 
other hand the diffused anomalies are the ones which include a dark and a bright intensity 
in other words they extend from the first wavelength (edge) to the red (higher 
wavelength). These are the anomalies shown in Wood’s experiment. Fano explained that 
the diffuse anomalies are forced resonances related to the leaky waves supported by the 
grating.  
The following figure shows the enhancement of light passing through a single 
aperture as a result of fabricating a near-field Surface-Plasmon Activated Device 
(SPADE) on an optical fiber. The face of an untapered optical fiber is coated with silver 
and an aperture of 200 nm is made within this silver film. The periodic corrugation on the 
silver film helps boost the transmission through the aperture. [58]  
 
Fig. 2-13. Transmission through the aperture surrounded by groves. (Thio et al [58]) 
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2.5 Summary and Conclusion 
 
Based on vast research in this area, particularly after its modern introduction by 
Ebbesen and his colleagues in 1998, the excitation of surface plasmons plays an 
important role in the Extraordinary Optical Transmission (EOT) phenomenon. However 
the way that the surface plasmons interfere in enhancing the transmission through 
apertures is described differently in different works. While some believe that the hole 
itself plays a tunneling role in transferring the surface plasmons from the input surface to 
the existing one, others have shown that the enhancement occurs even when the holes are 
blocked. Localizing the surface plasmons at the edges of the holes have been discussed 
and it has been shown that the transmission also depends on the shape of the holes. 
Existing the periodic corrugations around a single aperture is also discussed in some of 
these papers with the aim of arguing that the excitation of the surface plasmons is vital; 
either in form of perforating the metal film or generating some periodic dimples or 
gratings around a single hole. Coupling of the surface plasmons on two sides of the films 
especially when the output surface of the film is corrugated to excite the surface 
plasmons is discussed in these papers. In this chapter we tried to explain different 
existing hypotheses in the field of extraordinary transmission through sub-wavelength 
apertures in noble metals by referring to both the classical and modern works.   
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Chapter 3  
 
DESIGN OF THE OPTICAL NEAR-FIELD SENSOR 
 
3.1 Introduction 
 
It was discussed in the previous chapter that the resonant behavior of slot antennas in 
a noble metal layer has a long history in the optics and physics literature under the title of 
extraordinary transmission through subwavelength apertures. Even though opinions vary 
on the relative importance of the various physical mechanisms involved, the consensus is 
the following: When the two surfaces of a finite thickness slab exhibit strongly dispersive 
properties that can bind and guide surface wave modes, and those surfaces are able to 
couple to each other (through holes or through the bulk of the material), then any source 
of evanescent electromagnetic fields (the inhomogeneous components of the plane wave 
spectrum) near one surface can excite the local region of that surface into resonance and 
that resonance will be transmitted to the other surface largely undiminished. 
The large local field strengths developed at the surfaces are analogous to the large 
fields excited within any resonator (e.g. a Fabry-Perot resonator) because the resonant 
interaction must grow within the entire resonator until the power input equals the energy 
dissipated per cycle. The final field amplification is proportional to the quality (Q) of the 
resonance and thus inversely proportional to the losses in the system. Since the losses are 
either in the form of radiated waves, including surface waves, and conductivity losses in 
the medium, it follows that a resonance (i) excited on a low loss material (ii) by 
electrically small objects (nearby sources or even features in the surface) (iii) at a 
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frequency at which surface waves do not readily propagate, will attain the strongest field 
amplification. These three requirements guide the design of the slot antenna.  
As the initial calculations regarding selecting the antenna profile we used a Finite 
Difference Time Domain (FDTD) program. In the next section starting from explaining 
the equivalent silver model in FDTD code, the scattering from simple objects such as a 
single hole in a silver slab is discussed and then the numerical results regarding the 
antenna profile will be represented.  
3.2 FDTD Simulations Setup 
 
Simulations in this report have been done with the full wave FDTD method. During 
these simulations the equivalent circuit of the silver has been used. 
 
Fig. 3-1.  Circuit model of a Drüde material used in FDTD 
 
To calculate the elements of this equivalent circuit first the unit cell dx=dy=dz=ds is 
assumed filled with the material. It then follows that: 
𝐶1 = 𝜀∞𝑑𝑠 (3-1-a) 
𝑅2 =
1
𝑑𝑠∙𝜎𝐷𝐶
                                                  (3-1-b)  
𝐺3 = 0   (3-1-c) 
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𝐿2 =
1
𝐶1𝜔𝑟2
 
(3-1-d) 
The ds is the discretization element in FDTD and  𝜔𝑟 is the resonant frequency of the 
circuit which is equivalent to the plasma frequency in the previous equations. The 
permittivity at infinite frequency and the conductivity at zero frequencies are  𝜀∞ and 
 𝜎𝐷𝐶  respectively. 
Then the total input impedance is derived as follows 
𝑍𝑖𝑛𝑝𝑢𝑡 =
1
1
𝑍𝐶1
+
1
𝑅2 + 𝑍𝐿2
 
(3-2) 
 
𝑍𝐶1 =
1
𝑗∙𝐶1∙𝜔
=
1
𝑗∙𝐶1∙𝜔
           (3-3) 
 
𝑍𝐿2 = 𝑗 ∙ 𝐿2 ∙ 𝜔  (3-4) 
Then this impedance is set equal to the reactance of a capacitance of effective 
permittivity  𝜀𝑒𝑓𝑓 : 
𝑍𝑖𝑛𝑝𝑢𝑡 = 𝑍𝐶𝑒𝑞𝑣 =
1
𝑗𝐶𝑒𝑞𝑣𝜔
=
1
𝑗 ∙ 𝜀𝑒𝑓𝑓
𝑑𝑠 ∙ 𝑑𝑠
𝑑𝑠 ∙ 𝜔
 
(3-5) 
 
 
Finally  
𝜀𝑒𝑓𝑓 =
1
𝑍𝑖𝑛𝑝𝑢𝑡 ∙ 𝑗𝜔 ∙ 𝑑𝑠
 
 
(3-6) 
 
This way the effective permittivity can be compared to the measured data for silver 
permittivity in the literature. Fig. 3-2 shows the silver permittivity from the circuit model 
and measured data. Since we are mainly interested in the frequencies around which the 
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Fröhlich modes of sub-wavelength silver particles occur, the matching of the circuit 
model to the measured data is enough for almost all values  𝜀 < −1 . The model of silver 
used in these calculations is based on the data in Johnson and Christy’s paper [36] except 
the loss is increased by a factor of 3 because other data sets [61] show higher loss, and it 
is known that surface roughness and other manufacturing parameters invariably increase 
the loss in noble metal layers. Thus we adopt a worst case philosophy knowing that a 
higher quality silver layer will lead to stronger resonance and greater far field signal 
magnification. The silver dispersion model was fit with a single Drüde term for the 
computational simulations to match the behavior in the region of interest between 350nm 
and 680nm (blue to red light) using the method in [84]. 
 
Fig. 3-2.  Comparing the permittivity of Ag from the measured data in literatures based 
on low loss silver and the equivalent circuit model 
For this level of fitting data the unknowns in the circuit model are resulted  
𝜀∞ = 5.8𝜀0,𝜎 =
107
1.65
, 𝜔𝑟 = 2𝜋 ∙ 9.84 ∙ 10
14 
 
 
(3-7) 
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These results were then updated according to some calibration tests of the FDTD 
code to account for the grid dispersion. The reflection coefficient of an Ag slab was in 
FDTD and it was then compared to the analytical results and for these two sets of results 
to be the same, the updated values were chosen as 
𝜀∞ = 6𝜀0, 𝜎 =
107
0.87
, 𝜔𝑟 = 2𝜋 ∙ 8.845 ∙ 10
14 
  
 
(3-8) 
Fig. 3-3 shows the comparison between the reflection coefficient resulting from the 
above model of Drude silver in FDTD simulation and the reflection coefficient calculated 
analytically using this model. 
 
Fig. 3-3.  Reflection coefficient from FDTD using the model in Fig. 3-2 and reflection 
coefficient calculated analytically 
 
It must be pointed out that the very low loss considered here is not necessarily 
unrealistic since the loss of silver mainly depends on the smoothness of its surface and 
such a low loss can be achieved by obtaining a very smooth surface (for instance by 
depositing on a smooth crystal surface). 
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For the FDTD simulations the spatial discretization for all the three dimensions was 
set to 4nm. The time discretization is calculated according to the Courant stability criteria 
which is ds/(2*speed of light). The source of excitation is a bipolar pulse with a spatial 
Gaussian envelope.  
3.3 Scattering from a Single Hole 
 
As we discussed in the last sections, the sub-wavelength particles made from noble 
metals can resonate at different frequencies. In order to get a strong antenna at optical 
frequencies we need to apply this resonance behavior together with the antenna resonance 
which depends on the antenna profile.  
 The first structure to be studied is a single hole with the diameter of 40nm inside a 60 
nm silver slab. The source is placed at 72 nm above the slab. The scenario modeled is 
illustrated in Fig. 3-4.  
 
Fig. 3-4.  Schematic of the FDTD simulation (XZ or YZ plane) - here the geometry 
drilled through the slab is a single hole. A, B, C are the planes where the fields are 
integrated to calculate the scattering and transmission through the hole. Detailed 
information exists in the text. 
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In order to see the scattered field by the hole, we added up the electric field at plane B 
at each time step and then plot the spectrum (Fourier transform with respect to time) of 
this data. This gives us the broadside scattering field from the single hole drilled in the 
slab of silver. The same procedure was repeated for plane C to calculate the transmission 
through the hole. Because the transmitted signal, the blue curve, is calculated as the 
integral of the power travelling downwards under the entire slab ,plane C, and the 
scattered field is calculated as the integral of the power exiting upwards over the upper 
plane of the domain ,A,  these two quantities are on equal footing and they have been 
illustrated in figure 3-5. 
 
Fig. 3-5.  Scattering and transmitted powers by a single hole in the silver slab 
 
In order to see the performance of such a structure we looked at the electric field 
scattered by a particle of size 8*8*12 nm
3
 with and without the presence of this structure. 
To determine this scattered field we first calculated the integrated scattered field by the 
hole measured at plane A. Then we put the PEC particle (resembling the defect) below 
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the slab and again measured the scattered field at the same point. Then spectrum of the 
former fields was subtracted from the spectrum of the latter fields to get the spectrum of 
the scattered fields due to the particle in presence of the hole. We call the subtraction 
result the “change signal”. This signal is compared with the scattering from the particle 
when this is alone is free space. (Fig. 3-6) 
 
 
Fig. 3-6.  The signature of a subwavelength particle in free space (solid red curve) is 
higher than the change this particle causes on the hole signature (blue dashed curve) 
except at around 400nm 
 
It was observed that the antenna; here the single hole; has increased the scattering 
from the particle compared to the radiation from a particle inside the air. However we 
realize that just like Drüde metal spheres in a dielectric resonate when their intrinsic 
permittivity is -2 times that of the surrounding medium (the Frölich resonance), it is 
known that a cylindrical hole in a Drüde metal medium will resonate transversely when 
the permittivity of the surrounding medium is -1 times the dielectric filling the hole. 
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Since this latter value is also the condition for strong surface wave propagation on the flat 
surface of the metal, the antenna geometry cannot be a single cylindrical hole. The 
geometry must be chosen such that resonance occurs far from εr = -1 (380nm to 400nm in 
silver.) The solution that also guarantees the antenna will be electrically small is to design 
for a resonance in the red wavelengths (620nm to 680nm). At those frequencies the real 
part of the dielectric constant of silver is in the -10 to -20 range. 
3.4 Selecting the Antenna Profile 
 
Even though we know ellipsoids resonate at longer wavelengths than spheres, the 
frequency shift attained by smooth geometries is a relatively weak function of the aspect 
ratio and may require either an unduly thin object (hard to manufacture) or one that is too 
long to be considered electrically small. Therefore, to obtain strong frequency shifts 
without resorting to a long geometry we must choose either to load the nano antennas 
[62,63] or turn to the “contact” resonance phenomenon exhibited by contacting Drüde 
metal spheres and connected holes in Drüde metal layers [64-68]. The final design of the 
antenna is shown in Fig 3-7.  
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Fig. 3-7.  Compact slot antenna inside silver slab R1=20nm, R2=10nm, d1=12nm, 
d2=4nm, and h=60nm 
In these structures the polarizability that dominates the resonance is not that due to 
the aspect ratio of the object but that due to the cusp discontinuities and sharp material 
transitions that occur at the junction between the holes. Fig. 3-8 shows the spectrum of 
the transmitted (and scattered) spectrum of a single cylindrical hole, two connected holes, 
and the final design, the “spectacles” antenna. 
 
 
Fig. 3-8.  The connected hole geometry yields compact slot antennas with very long 
wavelength resonance. 
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Whereas the single hole resonance (black curve) occurs at 400nm, the two connected 
holes (blue curve) exhibit two main resonances one also around 400 nm and a stronger 
one at 800nm. Adding material back inside the holes (inspired from the idea of “phasing 
slot” in a paper by Greiser [69]) allows us to tune the antenna and weaken the 400nm 
resonance in favor of the longer wavelength resonance.  Thus, in the “spectacles” antenna 
(red curve) the resonance at 660nm is almost 1.5 orders of magnitude stronger than its 
resonance near 400nm, and almost two orders of magnitude stronger than the resonance 
of a single hole; and it lies in the desired visible red range where laser sources are 
plentiful. 
The designed spectacles antenna (shown in Figure 3-7) is only 84nm long; that is, λ/8 
at the frequency of use. The apparent wide bandwidth of the long wavelength resonances 
in Figure 4 is an artifact of the computational electromagnetics method used (finite 
difference time domain, FDTD). It results from truncating the extremely long time 
history of a reverberating structure. In the analysis of the radiofrequency scaled model we 
will be using a frequency domain method (Ansys HFSS) that does not suffer from this 
artifact, to study such resonant structures. In the next section we discuss a method of 
measuring the hotspot of the slot antenna. 
3.4.1 Magnification Phenomenon 
 
Since the purpose of this antenna is to serve as a remotely addressable near-field 
sensor, the FDTD model was used to examine how the far field scattering from the 
antenna changes in the presence of a small object. We chose a metallic object (not a 
Drüde metal since then its own resonance might confound the results) as a candidate 
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target of interest. This object was 8nm by 8nm by 16nm and it was placed 12 nm below 
the plane of the antenna and scanned along the principal axes. 
 
Fig. 3-9.  Magnification phenomenon. The signature of an 8nm subwavelength particle in 
free space (solid red curve) is weaker (more than 1.5 order of magnitudes) than the 
change this particle causes on the antenna’s signature (blue dashed curve). 
 
For sake of comparison a number of sub-wavelength objects are placed under the 
antenna at a distance of 12nm and the enhancements in the power signature of the 
antenna due to these objects (maximum of blue curve when not normalized) are 
compared in Fig. 3-10. 
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Fig. 3-10.  Power enhancement in dB for small particles of varying compositions 
(Red=metal, beige=dielectric) and volume. The dimensions of the sub-wavelength 
objects all in nm are: A=4*12*8, b=4*8*12, C=12*4*8, D: each section=8*4*8, E= 
4*12*8, F=4*8*12, G=8*4*8, H=8*8*8, I=8*8*12. 
 
From these results we see that the dielectric objects which are by nature  weaker 
scatterers compare to the metal  ones benefits more from this detecting method. In other 
words the power enhancement of the antenna due to these objects is much greater than 
the enhancement due to the metal objects. Moreover for the objects with the same volume 
(A-F in figure) those that have their longest side along with the principal E field of the 
antenna gain more enhancements. On the other side out of those objects that have the 
same side length along the E field, those with the greater volume get more enhancements. 
This is due to the fact that as the object gets larger the extra volume goes farther from the 
antenna.  In the following, two features of the spectacle antenna; the hotspot and 
sensitivity to the surface roughness of the silver; are discussed. 
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3.4.2 Hotspot of the Antenna 
 
 One of the ways to see how successful a sensor is in detecting the object is by 
measuring its hot spot. In other words we are interested to see how the selected antenna 
profile forms the fields in its near-field region. To this end a dielectric board with 
permittivity of 2 and size of 60nm by 60nm and thickness of 8nm is moved under the 
antenna surface at a height of 8nm in two directions, one along the principal E field of the 
antenna and the other normal to the principal E field. Fig. 3-11 shows a schematic of the 
antenna with the dielectric board under it. 
 
Fig. 3-11.  Top view of the antenna and its principal E field (Top). Side view of the 
antenna perpendicular to its principal E field (middle) Side view of the antenna along its 
principal E field (bottom). 
 
For each location of the dielectric board the change signal which is change in the 
antenna radiation in presence and absence of the target is calculated. The maximum of 
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this signal; which occurs at the resonance frequency of the antenna; is saved. Finally the 
maximums for all the locations are plotted versus the location of the leading edge of the 
dielectric board. The resulted signals are shown in Fig. 3-12. 
 
Fig. 3-12.  The amplitude of the change signal when a large dielectric board is passing 
under the antenna along the principal E field of the antenna (circle symbol) and normal to 
that (square symbol). 
 
The signal which is integrated above the antenna is in fact the response of the antenna 
to the object under it. In other words it is a convolution of the antenna response and the 
scattering from the object. Since the dielectric board is large compare to the antenna size 
it can be looked as a Heaviside step function. In other words its existence under the 
antenna is considered as 1 and its absence is considered as 0. The convolution of any 
function with Heaviside step is the integration of that function. Therefore as the large 
dielectric edge is passing under the antenna the antenna response is being integrated. 
Taking the derivative of this integration leads to the antenna response. Fig. 3-13 is the 
result of the derivation of the figure. 
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Fig. 3-13.  Hotspot of the antenna; Calculated by taking the derivate of curves in Fig. 3-
12. 
 
It can be observed that the hotspots of the antenna along the two directions are almost 
equal. The small perturbation for the direction along the E field could be the result of 
scattering from the edge of the board which is more significant when it is normal to the 
principal E field of the antenna.   
3.4.3 The Effect of Roughness on the Resonance of the Spectacle Antenna 
 
As a simple evaluation of the sensitivity of the antenna in face of realistic 
manufacturing tolerances a roughness on the surface of the silver slab with uniform 
distribution is considered. Fig. 3-14 shows different views of the antenna inside rough 
silver. 
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Fig. 3-14.  Applying roughness on the silver surface in FDTD model of the antenna 
 
For this experiment the roughness is applied to the surface at the locations which have 
a random uniform distribution with depth of 2ds.  
 
Fig. 3-15.  Adding roughness to the surface of the silver does not make a remarkable 
change in the antenna resonance 
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The results in Fig. 3-15 show that the antenna shows an acceptable tolerance 
regarding the surface roughness. (For this experiment the spectacle antenna has a 
different size from what we reported previously. That is why the peak of the graphs are 
lower. However for the study of roughness this difference is not important).  
To see the effect of roughness on the enhancement signal we repeat the experiment in 
figure (3-9) for two cases: when the surface of the silver is smooth and when both sides 
of the silver slab have roughness of the order of 4nm. Fig. (3-16) shows, as the black 
curve with symbols, the same result when the surface of the silver layer is given a 4nm 
peak-to-peak roughness (typical of the Silver interface on a smooth quartz substrate) to 
emphasize that this result is robust in realistic scenarios.  
 
Fig. 3-16.  The effect of a dense roughness with a uniform distribution on both sides of 
silver slab 
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This degree of roughness constitutes a peak to peak variation of the surface of the 
order of 1/120
th
 of a wavelength on the Quartz side of the interface but of the order of 
1/5
th
 of the optical penetration depth inside the Silver. The minute change due to 
roughness in Fig. (3-16) might be surprising [70], considering that such a degree of 
roughness has been reported to induce up to a 25% change in the surface plasmon 
polariton propagation length. However, the operation of this slot antenna does not depend 
on the propagation of surface plasmons along the surface but rather on the local 
oscillation of the electromagnetic fields at the surfaces of the slab, as controlled by the 
boundary conditions created by the slot antenna. Given that the slot antenna is 80nm long 
by 40nm wide and 60nm deep, it appears that a +/- 5% variation of its surface is not a 
significant perturbation to its operation. 
3.5 Summary and Conclusion 
 
A new version of the Wave Interrogated Near-Field Antenna Array, WINFA, has 
been proposed as an optical defect detection system for semiconductor wafers. The light 
enhancement feature of the proposed antenna elements has been demonstrated using full-
physics simulations at optical frequencies. The change in the optical antenna element 
radiation in the presence and absence of an 8nm defect has been shown to be at least 
15dB higher than the radiation from the defect alone. 
Given the positive results in this chapter, the next step is experimental validation. The 
advantage to scaling down to the radiofrequency range is two-fold. First, from the 
manufacturing standpoint, working with a macroscopic structure makes the creation of 
the antenna, defects, and surfaces to be inspected, much easier than with micro-
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manufacturing. Printed circuit board (PCB) techniques, used routinely for prototyping 
microwave components, are low cost and fast enough to allow multiple iterations of the 
design if needed. Second, the ready availability of broadband vector network analyzers 
allows us to measure directly both the amplitude and phase of the scattered 
electromagnetic fields at RF. There is no need to design and implement holographic 
filters and the Fourier optics components shown in Figure 1-1 to demonstrate, for 
instance, the sub-wavelength sensitivity attainable using the antenna’s change signal. The 
measured complex data can simply be processed in the computer to emulate any imaging 
system that could be proposed.  
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Chapter 4  
 
RADIO FREQUENCY META-MATERIAL DESIGN AND SIMULATION 
 
 
4.1 Introduction 
 
By means of the FDTD simulations at optical frequencies, the previous chapter 
showed that the selected antenna profile was capable of enhancing the received signal 
from a subwavelength object. It was confirmed that when the antenna is placed close to 
the object the change in the antenna far-field signal is more than 1.5 orders of magnitude 
higher than the scattered signal received in the far-field by the object alone. This chapter 
deals with the proof of this concept by scaling the system to radio frequencies. 
A convenient range for the scaled model experiments is the 2GHz to 5GHz range. 
This makes the slot antennas large enough to be easily manufactured with conventional 
PC Board techniques while the wavelength is still small enough that moderate sized 
laboratory antennas can be used to produce the desired incident illumination. The scaling 
of the frequency then scales all the dimensions: Scaling to 5GHz takes the 600nm 
wavelength to 60mm and the 60nm silver slab is mapped to 6mm. Scaling to 2 GHz 
makes these dimensions 150mm and 15 mm respectively. The first question to be 
addressed is, can we make an artificial medium that mimics a silver slab?  
Since the negative permittivity of silver in the optical range is the key property to be 
mimicked we turn to one of the oldest meta-materials in electrical engineering, the wire 
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grid [71, 72]. If the goal is to create a meta-material slab that presents a homogeneous 
effective permittivity that replicates the desired values, the 6mm slab must consist of at 
least 4, and preferably more, unit cells of the periodic medium. Otherwise, the material 
properties will be strongly affected by the surface elements and not appear homogeneous 
(and may actually exhibit apparent non-local behavior when its response is attempted to 
be modelled by a uniform continuum medium slab [73].)  
4.2 Calculation of the Wire Grid Geometry Required to Attain Epsilon=-20 in the RF-
Scaled Model 
 
Choosing as the reference wavelength of the optical range 600nm, the 60nm silver 
slab is λ/10. If we look to discretize the volume of this slab into N periodic unit cells to 
obtain a proper effective medium, then let p=λ/(10N). What is the required wire diameter 
to attain the desired permittivity (ε=-20)? 
If we use the low frequency, effective medium approximation, where the unit cell is 
electrically small, we have: [74] 
𝜀(𝜔) = 𝜀𝐷 −
1
𝜔2𝜀0
𝜇𝐷𝜇0𝐴
4𝜋 [𝑙𝑛 (
1
𝛼) + 𝛼 − 1]
 
 
(4-1) 
Where εD and μD are the constitutive properties of the host medium between the 
wires, A is the cross sectional area of the unit cell and ɑ is the area fraction occupied by 
the metal wire. Assuming for the sake of simplicity a free space host, and assuming a 
Cartesian cubic unit cell we simplify: 
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𝜀(𝜔) = 1 −
1
(𝑘0𝑝)2
4𝜋 [𝑙𝑛 (
1
𝛼) + 𝛼 − 1]
→ 𝑙𝑛 (
1
𝛼
) + 𝛼 − 1 =
1
21
(𝑘0𝑝)2
4𝜋
 
(4-2) 
 
But since p is given in terms of λ we can simplify further 
𝑙𝑛 (
1
𝛼
) + 𝛼 − 1 =
1
21
(
2𝜋
𝜆
𝜆
10𝑁)
2
4𝜋
= 1.52𝑁2 
𝑙𝑛 (
1
𝛼
) + 𝑙𝑛(𝑒𝛼) = 1 + 1.52𝑁2 → 𝑙𝑛 (
𝑒𝛼
𝛼
) = 1 + 1.52𝑁2 
(
𝑒𝛼
𝛼
) = 𝑒𝑥𝑝[1 + 1.52𝑁2] → lim
𝛼→𝑠𝑚𝑎𝑙𝑙
→𝛼
= 𝑒𝑥𝑝[−1 − 1.52𝑁2] 
 
 
 
 
 
 
(4-3) 
 
Let N=6, which would be the minimum required to get some sort of homogenization: 
𝛼 = 6.33 ∙ 10−25 
If the scaled frequency is 2GHz, A=p
2
=(0.15/10)2 = 2.25 ∙ 10−4𝑚2 and this makes 
the cross sectional area of the wire: 
𝜋𝜌2 = 14.2 ∙ 10−29𝑚2 → 𝜌 = 6.73 ∙ 10−15𝑚 
This is impossible to do and certainly not in the microns range. The minimum to 
approximately represent the expected cosh functional form of the evanescent field inside 
the metal slab would be N=4. Then 
𝛼 = 1 ∙ 10−11 ∴ 𝑎𝑡 2𝐺𝐻𝑧, 𝜋𝜌2 = 2.25 ∙ 10−15𝑚2 → 𝜌 = 26.8 ∙ 10−9𝑚 
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This is also unwieldy. In fact the only option if we want to use a Cartesian wire grid 
is to give up on effective medium theory homogenization requirements and then we could 
let at most N=1 so that the unit cell is 15mm across. Then 
𝛼 = 0.088 ∴ 𝑎𝑡 2𝐺𝐻𝑧, 𝜋𝜌2 = 1.98 ∙ 10−5𝑚2 → 𝜌 = 2.5 ∙ 10−3𝑚 = 2.5𝑚𝑚 
Note that this is a very “fat” wire in the unit cell with diameter=p/3. Therefore the 
approximations used to derive the low frequency model (particularly the assumption of a 
uniform current inside the wire) start to fail. 
To check the validity of the above calculations the Brown’s equation is used. This 
equation includes the wavelength dependent term that increases inductance as a function 
of the distance between the wires.  
𝜀 = (
𝜆
2𝜋𝑝
𝑎𝑐𝑜𝑠 [cos (
2𝜋𝑝
𝜆
) +
𝜆
2𝑝
𝑠𝑖𝑛 (
2𝜋𝑝
𝜆 )
𝑙𝑛 (
𝑝
2𝜋𝜌)
])
2
 
(4-4) 
 
Within the caveat given by Brown “provided that p is very much less than the free-
space wavelength λ and ρ is much less than p.” 
Using the value of alpha for N=4: p=λ/40 and  𝜌 = 26.8 ∙ 10−9𝑚 and leads to 𝜀 =
−23 which is pretty close to our assumption of ε=-20.   
Moreover for the best case N=1 as the wire gets thicker we approach the limits of 
Brown’s model also. To get ε=-20, the wire radius calculates out to 1.5mm not the 
2.5mm obtained from the low frequency expression. Nevertheless it is in the correct 
ballpark and we can draw our conclusions with confidence.  
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4.3 Determination of a Multi-Layer Admittance Sheet Equivalent 
 
Realizing that mimicking the silver slab with an equivalent volume artificial material 
is not feasible we then take a hint from the work of Maslovski et al [16] and propose that 
all the relevant phenomena are associated with the local resonance of the upper and lower 
surfaces of the silver slab combined with the attenuation the incident wave suffers in 
crossing the slab. Therefore we propose mimicking the slab with a three-layer meta-
material structure as suggested in Fig. 4-1. 
 
Fig. 4-1. Equivalent model for a 60nm slab in RF range 
 
Then a reasonable guideline for designing the equivalent material is to require that the 
three-layer stack exhibit the same reflection and transmission coefficients as the material 
slab to be mimicked at normal incidence. Once this requirement is met, full-physics 
simulations of the slot antenna cut into the structure will show whether or not the desired 
antenna resonance occurs. Equating the reflection and transmission coefficients of the 
two structures in Fig. 4-1 leads to the following required admittances: 
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𝑌1 =
𝑗𝑍0 tan 𝑘𝑧0𝑙 − 𝑍𝑖𝑛𝑃𝐸𝐶_𝑠𝑙𝑎𝑏
𝑗𝑍𝑖𝑛𝑃𝐸𝐶_𝑠𝑙𝑎𝑏𝑍0 tan 𝑘𝑧0𝑙
 
(4-5) 
 
𝑌2 =
2𝑍0 − 2𝑍𝑖𝑛𝑃𝑀𝐶𝑠𝑙𝑎𝑏𝑍0𝑌1 − 2𝑗𝑍𝑖𝑛𝑃𝑀𝐶_𝑠𝑙𝑎𝑏 tan 𝑘𝑧0𝑙
𝑗𝑍𝑖𝑛𝑃𝑀𝐶_𝑠𝑙𝑎𝑏 ∙ 𝑍0
2𝑌1 tan 𝑘𝑧0𝑙 + 𝑍0 ∙ 𝑍𝑖𝑛𝑃𝑀𝐶_𝑠𝑙𝑎𝑏 − 𝑗𝑍0
2 tan 𝑘𝑧0𝑙
 
(4-6) 
 
The resulting sheet admittances can then be fit to combinations of shunt and series 
lumped elements as for instance shown in Fig. 4-2. 
 
Fig. 4-2.  Equivalent circuit of a 60nm slab of silver at 5GHz. The electrical length of the 
transmission line sections, E, is given in degrees and represent dielectric spacers of 
permittivity near free space (foam) and thickness 3mm. 
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Fig. 4-3.  Reflection (a) and transmission (b) coefficients from the circuit model in figure 
(4-2) and from simulating three impedance layers with corresponding impedances of 
equations (4-5, 6) and from a 60nm slab of silver shifted to 5GHz 
 
Fig. 4-3 shows that the scaled silver transmission and reflection coefficients diamond-
symbol curves are exactly matched by the those of the three-layer material with the 
obtained values of Y1 and Y2 (cross-symbol) and closely matched over the frequency of 
interest by the closest fit lumped circuit elements and dielectric spacers of Fig. 4-2 (solid 
curve).  
To verify that once Γ and Τ are matched, the three-layer medium will support the slot 
antenna resonance just like the slab, the admittance values of Y1 and Y2 were used as 
admittance sheets in the full-physics software Ansys
©
 HFSS. Fig. 4-4(a) shows a 
perspective view from above of the antenna cut into the top most layer. Fig. 4-4(b) shows 
contours of Electric field as seen from the side at the resonance resulting near 5GHz. We 
can see that the inductive layers are coupled to each other by the aperture antenna’s 
localized resonance similar to what Luo et al. and Maslovski et al. found in references 
[16, 75]. 
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Fig. 4-4.  Mesh view of the antenna cut in three layers (a). Only top layer is shown in the 
figure. R2=1mm, R1=2mm, d=0.4mm. The mesh size in a box around antenna is smaller 
compared to the rest of the geometry (b) Contour plot of the total E field. Side view of 
the three layers with the spectacle antenna cut inside all of them. The plane wave to 
illuminate this structure is approximated by the radiation from a dipole far from the 
structure. 
 
These initial simulations show that if we can design and manufacture the required 
three layers and cut the antenna through them, the antenna will resonate inside this 
structure. For ease of manufacture these layers need to be implemented as periodic circuit 
structures using PCB techniques.   
4.4 Developing a Manufacturable Version of the Admittance Sheets 
 
Fig. 4-5 shows the “spectacles” optical antenna as simulated in FDTD scaled to 5GHz. 
From the success of those simulations we know that this degree of pixilation (or 
staircasing) is sufficient to obtain a working antenna. Therefore we wish to determine 
first if a periodic unit cell of 0.4mm supports the kinds of Inductance required. 
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Fig. 4-5. Spectacle antenna as simulated in FDTD scaled to 5GHz 
 
4.4.1 Option 1: Strip Inductor Meta-Material Design.  
 
The largest inductance needed is that of Y1, at 6nH. The sheet inductance of a single 
layer of a wire grid (as opposed to the volume equivalent sought in equation 3) is given to 
first order by equation (4-7) ([76] in terms of the width the strip wires, w, and the 
periodic unit p. 
𝐿𝑠𝑡𝑟𝑖𝑝𝑠 =
𝜇0𝑝
2𝜋
𝑙𝑛 (𝑐𝑠𝑐 [
𝜋𝑤
2𝑝
]) 
(4-7) 
The dominant term is the first coefficient. For a periodic unit of 0.4mm, the quantity 
µ0p/2π = 0.08nH. There is no practical way we can make the strips thin enough (w<<p) to 
make the logarithm term raise this by a factor of almost 100 (A one-micron-wide line just 
gives a factor of 5.5). Clearly, a grid of lines will not work. The next possible structure is 
a loop. The self-inductance of a one turn square loop of side length s and wire radius ρ is 
known and can be converted to a conducting strip loop of strip-width w by using the 
equivalent perimeter rule so that ρ is replaced by w/π. 
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𝐿𝑙𝑜𝑜𝑝 = 𝜇
2𝑠
𝜋
[𝑙𝑛 (
𝑠
𝜌
) − 0.774] = 𝜇
2𝑠
𝜋
[𝑙𝑛 (
𝜋𝑠
𝑤
) − 0.774] 
(4-8) 
Again the dominant term is the multiplier in front of the bracket. Assuming s can 
approach p we get µ02p/π = 0.3nH. Assuming a trace width of the order of 0.07mm is 
available, the brackets give a factor of approximately 2. Thus we are at 0.6nH only a 
factor of 10 away from Y1 but in the ballpark of Y2. Thus, if we make a two-turn loop, to 
invoke the N
2
 = 4 benefit, we could get as much as 2.4nH, easily meeting the requirement 
for Y2. 
The 6nH requirement of Y1 is still a problem. To get to such high values requires 
more complex inductor designs and a bigger periodic unit. It is well known that the 
pancake coil is a more efficient user of area than the single loop and it can be 
implemented on the two sides of a thin PC board by using a trace spiraling towards the 
center on the upper side connected through a via to the bottom side where the trace then 
spirals in the same sense away from the center. Alternatively, once we admit the use of 
multiple levels and interconnecting vias, miniaturized solenoids can also be considered. 
To increase the effective periodic unit we can propose to connect the network of 
inductors over the area using a diagonal connection scheme as suggested in Fig. 4-6. The 
effective unit cell that determines the inductance per square (sheet inductance) is then, for 
a 0.4mm grid the cell 0.566mm on the side, highlighted by the red dashed square. 
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Fig. 4-6.  Periodic inductive layer. The effective unit cell is shown inside closed red 
dashed line. The tilted unit cell is larger than a normal unit cell facilitating achieving a 
higher inductance 
 
If the printed circuit board creating the admittance sheet is electrically thin enough, it 
is also conceivable to separate the x-directed inductance from the y-directed inductance 
into two overlaid levels (in the z direction), and then a unit cell as large as 0.7mm is 
conceivable. Based on the manufacturing constraints such as thinnest possible trace width 
and the diameter of the plated through vias and their pads [http://www.4pcb.com/pcb-
capabilities.html] and the required loop inductances, two of the candidate geometries are 
shown in Fig. 4-7.  
 
Fig. 4-7.  Two possible design of a unit cell to generate an inductance of about 6nH. (a) 
Multiple layers of pancake coils with unit cell size of 0.56 mm. (b) Two layers of 
solenoids. The width of traces and the spacing between them is 0.07mm. The size of the 
unit cell is 0.7mm. 
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The solenoid structure of Fig. 4-7(b) is less problematic to manufacture because it 
does not require interconnections using blind vias. This structure was simulated using 
periodic boundary conditions in ANSYS HFSS
©
 and its equivalent impedance derived 
from the reflection and transmission coefficients. Fitting a circuit to this impedance 
reveals that the unit cell is equivalent to a tank circuit including an inductance of 6nH, a 
capacitance of 76fF and a small resistance of 15 Ohms.  Replacing this circuit as the 
impedance of the first and third layers (Y1) the rest of the parameters of the three layer 
structure (such as the impedance of the second layer and the distance between the layers) 
can then be adjusted to achieve the desired reflection and transmission coefficient. Fig. 4-
8 shows the resulting transmission line lumped circuit model while Fig. 4-9 shows that 
the reflection and transmission coefficients indeed approximate the desired results over 
the frequency range of interest. 
 
Fig. 4-8.  The equivalent circuit of the three-layer structure when the first and third layers 
are made by coils in figure 3-7(a, b) 
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Fig. 4-9.  The reflection and transmission coefficients from the original equivalent circuit 
of the 60nm slab scaled to 5GHz in Fig. 4-7 and the modified circuit in Fig. 4-8 due to 
the choice of the coils as the unit cells of the first and second layers. 
 
The electrical length of the transmission lines between the layers can be achieved by 
selecting an appropriate dielectric with a specific physical thickness (and adjusting the 
circuit parameters to compensate for the dielectric constant.). For Y2 a one and a half turn 
loop is sufficient within the 0.56mm or 0.7mm cell but they must be connected in the 
diagonal symmetry suggested in figure 4-6. Thus, the resulting meta-material design 
would consist of a top and bottom layer of solenoids (Fig. 4-10(a)) with a middle layer of 
loops (Fig. 4-10(b)) all on a grid of 1.4mm unit cells.  
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Fig. 4-10.  Complete unit cells of meta-material design of silver slab at 5GHz. In these 
figures, d (metal strip width) is 0.07mm. (a) is unit cell of first and third layer, (b) is unit 
cell of second layer 
 
4.4.2 Option 2: Meta-Material Based on Lumped Circuit Elements.  
The advantage of the first option is that it only uses metal PCB traces and vias. The 
drawback is the extreme complexity of the solenoid layer required to attain the 6nH 
value. It is therefore natural to consider obtaining this inductance using lumped circuit 
elements, that is, commercially available chip inductors interconnected with conducting 
strips as suggested in Fig. 4-11(a). The smallest of these have dimensions 0.2mm by 
0.4mm by 0.2mm according to Murata manufacturing Co. Ltd.  
To still retain a small unit cell compared to the antenna dimensions this suggests that 
the system be scaled down to 2GHz. At 150mm wavelength the meta-material slab must 
be approximately 14mm thick and the circuit models for the Y1 and Y2 admittance layers 
are as shown in Fig. 4-11(b) and Fig. 4-11(c). 
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Fig. 4-11.  Chip Inductor Grid option (a) and the Y1 and Y2 equivalent circuits of three-
layer structure working at 2GHz (b). 
 
Because the interconnecting strips add some inductance the required chip inductor 
values are slightly smaller than the values in Fig. 4-11(b, c). A drawback of using chip 
inductors is that they always have their own internal shunt capacitance (reflected in the 
specified self-resonant frequency.) This means we cannot hope to match exactly the 
circuit values specified in Fig. 4-11. However, the most important parameter to match is 
the inductance since that is the key property of the negative impedance medium. The 
compromise is to give priority to the inductance values and then plan to adjust the 
spacing between the planes and dielectric constant of the PCB substrates to approximate 
the desired transmission and reflection coefficients. Table 4-I shows the equivalent 
circuits of the selected chip inductors. 
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Table 4-1.  Selected chip inductors for the unit cell of Fig. 4-11 
Impedance 
Internal 
circuit L C R 
Z1 
R
L
 10 nH  0.158 pF 
2.5 
Ω 
Z2 
 
2.5 nH 0.80 pF 
0.8 
Ω 
 
By modeling the chip inductors in ANSYS HFSS using impedance boundary 
condition sheets we evaluated the impact of this compromise. Fig. 3-12 compares the 
amplitude and phase of the resultant reflection and transmission coefficients to those of 
the prescribed 2GHz three-layer design. Apart from a 2% deviation in amplitude of the 
reflection coefficient, the performance at 2GHz would be acceptable. 
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Fig. 4-12.  Reflection and transmission coefficients from the three-layer structure made 
by unit cells including chip inductors of table 1 compared to that of the original 
admittances of Fig. 18b. 
 
Replacing the chip inductor sheets with equivalent admittances surfaces in ANSYS 
HFSS allows us to test for the resonance of the antenna and the effect of the dielectric 
constant of the spacer layers. Fig. 4-13 shows the computed integrated total E field below 
the meta-material (result of transmission by the slot antenna) when different dielectric 
constants are used. The baseline resonance designed at 2GHz with air as spacer shifts 
down as expected with increasing spacer dielectric constant. Although this could be 
compensated by making the spacers thinner (sacrificing an exact dimensional scaling of 
the structure) the more serious problem is the drop in the scattered signal due to loss of 
energy into surface waves traveling between the layers. The only way to prevent this 
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surface wave loss is to connect the layers to each other with vias, thus emulating the z-
directed inductance of the true negative permittivity slab. 
 
Fig. 4-13.  Integrated total E field below the surface of the antenna cut into three layers 
with impedances of table I. The effect of dielectrics between the three layers is compared. 
 
 
Although the chip inductor meta-material at 2GHz would work and require less 
exacting PCB strip dimensions, the three layer design would require a buried layer of 
chip inductors, a non-standard procedure that again raises the manufacturing cost using 
conventional commercial techniques. 
4.4.3 Option 3: A Double-Layer Design with Large Periodic Unit Cell  
 
To simplify the design further we ask the question: is it really necessary to match 
both the reflection and transmission coefficient properties of the negative permittivity 
slab to obtain an RF simulacrum of the slot antenna in plasmon layer performance? The 
results of Maslovski [16] and Luo [75] suggest the answer is no. What really matters is 
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that the layered structure presents the correct surface inductance to effect the resonance 
of the slot antenna and that the surfaces couple to each other through the antennas’ 
reactive near fields. Thus we consider a two layer meta-material structure in which the 
layers are connected to each other by plated through vias so that no surface waves can 
steal energy from the antenna resonance and to ensure reactive near field coupling 
between the apertures is what dominates. 
This led us to a new compromise: remove the middle layer and see how close the 
reflection and transmission coefficients come to the original desire when we use two 
identical inductive layers separated by 14mm. With each layer having a 5nH inductance 
and the spacer having a dielectric constant of   𝜀𝑟 = 3 the resulting reflection and 
transmission coefficients are as shown in Fig. 4-14.  In principle a two-layer design can 
only match either the reflection or the transmission coefficient but not necessarily both. 
However, comparing these results to those of the proposed three-layer chip inductor 
design we only see a slightly greater deviation but nothing dramatically wrong. In fact, 
surface inductances as low as 4.3nH per layer seem to work almost as well. Because the 
opacity of the silver slab is important to the high SNR properties of the P-WINFA, when 
faced with a choice between matching reflection or transmission properties, we will 
choose transmission magnitude as the important parameter, as long as the surfaces are 
inductive and therefore capable of resonating the slot antenna. 
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Fig. 4-14.  Magnitude and phase of reflection and transmission coefficients from the two-
layer structure (made from pure inductive sheet) compared with those of the silver slab. 
 
The importance of the greatly reduced inductance requirement of this approximate 
two-layer design is that we can now make a second new compromise and accept a very 
large unit cell. That is, we abandon the paradigm of emulating the required properties of 
the surface with a discretized continuum and instead focus on providing the required 
inductance around the antenna with a grid. All that we require is that the grid’s unit cell 
be small compared to the wavelength but not necessarily small compared to the antenna. 
 It is readily verified that two Cartesian grids of PEC metal strips 0.19mm wide with a 
periodic unit cell of 7.6mm (designed based on equation (4-7)), and separated from each 
other by a 14mm spacer of dielectric constant 3.5, yield reflection and transmission 
coefficients with magnitudes close to the desired values near 2GHz Fig. 4-15.  
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Fig. 4-15.  Reflection and transmission coefficients from the two-layer grid (with a 
material of dielectric constant 3.5 between two grids of size 7.6mm). Coefficients from 
simulations are compared with those obtained from the silver slab scaled to 2GHz. 
 
This is the final design of the meta-material. The way the antenna fits into the grid is 
shown in Fig. 4-16(a) with the desired resonance at 2GHz as calculated in HFSS seen in 
Fig. 4-16(b). 
 
Fig. 4-16.  Spectacles antenna in the two-layer large periodic unit cell meta-material (a) 
resonates at around 2GHz as desired (b) 
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Contour plots of the principal electric field components at the resonance of the 
antenna are shown in Fig. 4-17, 18. The desired hot spot and lateral confinement of the 
surface-to-surface coupling at resonance, characteristic of the slot antennas in the Noble-
metal layer, are clearly seen. Fig. 4-18 shows that as in the Watts folded dipole [4] the hot 
spot is strongly confined to the open feed region. 
 
 
Fig. 4-17.  The normal component of the E field (normal to the grid surface), Ez (a), 
Principal transverse E field, Ex (b) produced at resonance showing the confined surface to 
surface coupling between the slot antennas emulating the slot antenna resonance in the 
silver slab. 
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Fig. 4-18.  Transmission through the grid. vias exist at all the intersections also on the 
perimeter of the outer circles. Their existence on the inner circles has a negligible effect. 
 
Having demonstrated that the desired antenna resonance and field confinement are 
attainable it remains to show that element’s capability to magnify the scattering form a 
sub-wavelength object has also been obtained. The magnification of the scattering from 
the particle due to the presence of the antenna is given by the change in the antenna’s 
signature:  
 signature = Scattering from the antenna in presence of the particle below – Scattering 
from the antenna in absence of the particle 
The above calculation is then compared with the scattering by the particle alone in 
free space in Fig. 4-19(a). The scattering by the particle by itself (dashed line) is shown 
alone in Fig. 4-19(b) to emphasize the smallness of its signature. 
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Fig. 4-19.  Scattering from the particle as magnified by the antenna (red in (a) greatly 
exceeds the scattering of the particle in free space (dashed blue in (a) and solid blue in 
(b)). 
 
These results show a similar conclusion to the observations at optical frequencies 
from the FDTD simulations in chapter 3, i.e. the change in the scattering from the 
antenna in presence and absence of the particle under the antenna is much larger than the 
radiation from the object alone. 
4.5 Summary and Conclusion 
 
To experimentally validate the results confirmed in chapter 3 the detecting system 
(antenna) was scaled to radio frequencies. Various approaches to the replication of the 
metal’s behavior were explored at RF frequencies. The conclusion was that the reactive 
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near-field coupling of two antenna profiles on the upper and lower surfaces of the meta-
material structure is the key feature in designing the RF equivalent of the optical antenna 
array element. Three plausible manufacturing schemes employing conventional printed 
circuit board techniques were designed and evaluated using a full-physics computational 
method. The simplest scheme requiring only two layers and admitting an oversized grid 
was shown by these simulations to result in an antenna with the desired resonance 
properties. The final design of the RF scaled version of the antenna element was 
simulated and it was verified that the change in the scattering caused by a subwavelength 
object under the antenna is significantly greater than the scattering from the object alone 
in free space. In a subsequent publication we will report on the experimental results.  
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Chapter 5  
 
EXPERIMENTAL RESULTS: 
DEMONESTRATION OF THE SUB-WAVELENGTH DETECTION AND IMAGING 
CAPABILITIES OF THE OPTICAL NEAR-FIELD SENSOR 
 
5.1 Introduction 
 
In chapter 4 a variety of approaches for designing an equivalent (plasmon resonant) 
structure at RF frequencies were discussed that could be used to demonstrate the 
feasibility of the system in a low cost easy to access experimental environment.  Out of 
those approaches a two-layer meta-material structure in which the layers are connected to 
each other by plated through vias was selected as the most convenient design to 
manufacture that correctly mimics the essential features of a 60nm Silver slab at optical 
frequencies, scaled to 2 GHz. Such a structure has been manufactured and the 
experiments performed are detailed in this paper. Schematics of this structure at optical 
and RF frequencies are illustrated in figure (5-1). 
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Fig. 5-1.  Spectacle antenna inside silver slab with thickness hAg=60nm in our original 
design (a) (left: perspective view, right: zoomed in) and its equivalent antenna inside a 
structure consisting of two layers of grids (b) (left: perspective view, right: zoomed in) 
 
 To provide a baseline for the ultimate demonstration of the P-WINFA, initial 
experiments are done with a slot antenna cut in a conventional metal surface, which is the 
electromagnetic dual of the folded dipole antenna element in the original WINFA system 
[3-6]. Because the conventional metal surface does not have a plasmon resonance at RF 
frequencies, the resonance frequency of the selected antenna is controlled strictly by its 
dimensions and was chosen for convenience to be near 4GHz. However, the antenna cut 
into the RF metamaterial mimicking the plasmon resonance behavior of Silver, does 
benefit from the surface’s resonance properties and thus, even though it is approximately 
the same size as the slot antenna in metal, its resonance frequency is approximately 
2GHz. 
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The experiments described in the next section with the slot antenna in metal 
demonstrate a WINFA system operating as originally envisioned except that there is only 
one sensing antenna being used. The excitation and reading of the antenna response are 
both performed remotely. A variety of targets are moved under the antenna to 
demonstrate both its defect detection and imaging capabilities. In particular extruded and 
intruded geometries mimicking the Metal1 and the Poly IDA steps of semiconductor 
circuit manufacturing [77,78] are used to assess the antenna’s sensitivity. The difference 
in response between metal and dielectric objects is also demonstrated, and objects as 
small as λ/16 are imaged.  
The experiments with the 2GHz slot antenna in the metamaterial surface are reported 
afterwards. Special difficulties arise with the finite extent Drüde material slab in the 
remote excitation and interrogation experiments because of the out of band properties of 
the inductive grid used to mimic the Silver surface. Even though in the optical application 
narrow band excitation and interrogation of the antenna are trivial with laser sources, the 
reality of an RF experiment in a laboratory requires using a wide band of frequencies to 
implement a time domain gate in order to isolate the antenna from its environment. The 
problem then arises that the manufactured metamaterial has a transparency window at 
4GHz. As a result using frequencies near 4GHz and higher to implement the time domain 
gate for the plane wave illumination at RF allows unwanted signals to penetrate the 
surface of the material. Therefore, after showing that the antenna exhibits the designed 
resonance and is sensitive to nearby sub-wavelength objects in the plane wave 
illumination scenario, the test set up is changed to allow the use of a narrow set of 
frequencies around the target resonance, 2GHz. The approach is to use a radiating 
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waveguide to excite and receive the signal from the antenna. The localized waveguide 
aperture isolates the antenna and therefore no time domain gate is required. The sharp 
resonance behavior predicted in the full-physics simulations is clearly seen with this test 
set up and there is sufficient signal to noise ratio to repeat the defect detection and 
imaging experiments that were done with the slot in metal antenna, except now the 
objects are two times smaller electrically. The smallest object detected with this antenna 
was λ/78.  
5.2 Test Setup and Experiments With the Electromagnetic Dual of the Antenna Element 
in Original WINFA System 
 
The experimental set-up is shown in Fig. 5-2. The illumination source and the 
scattered field detector are a pair of horn-polyrod antennas designed in [79] that operate 
from 700MHz to 18GHz connected to the two ports of an Agilent HP4720 vector 
network analyzer. The source and receive antennas are cross polarized to reduce the 
cross-talk between them. In addition a 3 inch thick absorber baffle is placed between 
them as shown. Both antennas point towards the center of a conducting ground plane on 
which the slot antenna is to be placed. To calibrate the set-up a small (3 by 3 inches) 
metal reflector tilted at 45 degrees to the normal and with its surface normal pointed to 
the mid-plane between the antennas is used above the location of the slot antenna to 
perform a response and isolation calibration. The reflector gives the “thru” (S21) 
measurement while removing the reflector and covering the antenna with a conducting 
plane gives the “isolation” measurement.  The result is a raw dynamic range of 25dB 
between 3GHz and 5GHz. A time domain software gate can be used to further reduce 
85 
 
interference from reflections around the room. When needed all the edges of the table can 
be blocked off with anechoic chamber absorber to further reduce room echo 
contributions. 
 
 
Fig. 5-2.  Experimental setup. The two horn poly-rod antennas are used as illuminating 
source and the scattered field detector. They are connected to the two ports of the Agilent 
HP4720 Vector Network Analyzer (VNA). Two X-Y rails are used to move the surface 
of the sample defects under the slot antenna. The scanning process including the motion 
control of the rails and saving the scan results are done with custom software. (a) is the 
complete setup, (b) is the zoomed in picture of the top section.(c) is the schematic of the 
computer-controlled positioning system (X-Y rails in figure(a)). 
 
A computer controlled X-Y positioning system under the table (seen behind the 
laptop computer in the image on the left) is used to scan the surface to be inspected at a 
fixed distance under the slot antenna. To provide a baseline for the P-WINFA 
experiments, a slot antenna version of the Watt’s folded dipole resonant at 3.9GHz 
(77mm wavelength) was constructed. This slot antenna is shown in figure 5-3(a) together 
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with a square metal foil scatterer λ/10 on the side. The raw unprocessed image resulting 
from continually recording the scattered power as the defect is scanned in 1mm steps is 
seen in figure 5-3(b).  Even without subtraction of the antenna’s signature the image is 
clearly recognized as approximately square and 8mm on the side. This result illustrates 
the power of this technology. Because the sensing antenna is resonant and a considerable 
fraction of the wavelength in size, its signature and the variations induced in it by the 
nearby defect are easily detected in the far field. 
 
Fig. 5-3.  Slot antenna made on PCB board (left). The amplitude image result of scanning 
the sample defect with this antenna is shown (right). The slot antenna resonates at 4.08 
GHz. Its resonance can be clearly seen by applying a time domain gate on VNA (c) 
 
To show the capability of the antenna as a detecting sensor at its resonance frequency 
the same small metal square patch (
λ0
10
) was placed at about 7mm below the antenna 
surface and scanned at various frequencies. The step size of the scanning is 2mm and can 
be decreased to get a higher resolution at the cost of increasing the scanning time. At 
frequencies away from the resonance no clear image of the defect appears. However in 
the vicinity of the resonance (here a relatively wide bandwidth around 4GHz) as the 
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defect is crossing the area below the slot antenna its image appears in form of a “null” in 
the middle. The image made from the phase of the received signal is shown in Fig. (5-4). 
The corresponding image made from the amplitude of the received signal is shown in 
Fig. (5-5).  
 
Fig. 5-4.  Phase image of the defect at different frequencies. In the resonance bandwidth 
of the antenna, the defect can be imaged clearly. The color bars are not in the same scale 
in order to visualize the details of figures. 
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Fig. 5-5.  Amplitude image of the defect at different frequencies. In the resonance 
bandwidth of the antenna, the defect can be imaged clearly. The color bars are not in the 
same scale in order to visualize the details of figures. 
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The images in figures 5-4 and 5-5 are the pure phase and amplitude signals received 
at the VNA port. To get the image of an object there is an alternative method which we 
introduced in [80]. In this method by storing in the network analyzer’s memory the 
amplitude and phase of the unperturbed antenna’s signature and implementing the 
complex “Math Divide” function we directly record the change signal. The absolute 
value of this signal is then integrated over a frequency range around the resonance. The 
result of this integration is a complex image with amplitude and phase. The details of 
these calculations are explained in [80] and also in the next section for the meta-material 
slot antenna. Applying this method the amplitude and phase images would be as in Fig. 
(5-6). 
 
Fig. 5-6.  Amplitude and phase of the same object as in figures 5-4 and 5-5 derived using 
integrating the change signal stored by “Math Divide” in VNA 
 
As an experiment with a more realistic object, a scaled version of a patterned 
structure from International SEMATECH Manufacturing Initiative, ISMI, Intentional 
Defect Array, IDA (Metal 1), was scanned [81]. (see figure 5-7). 
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Fig. 5-7.  Complete structure pattern without defect (SEMATECH Metal 1) (a) and its 
trench stack (b) (SEMATECH ISMI, Technical presentation [77, 78]) 
 
The intruded and extruded geometries mimic the Metal1 stage and the Poly IDA stage 
of the 65nm manufacturing process. The width of the pattern traces in the intentional 
defect arrays is 65nm which by scaling from optical frequencies to the RF frequencies 
becomes 7.5mm. For the sake of simplicity these structures were 3D printed using PLA 
(Polylactic acid) plastic. An intruded version of the IDA patterns and its resulting images 
are shown in figure 5-8.  
 
91 
 
 
Fig. 5-8.  Three dimensional printed geometry based on a Sematech, ISMI Inc patterned 
structure at technology node of 65nm scaled to 7.5mm (a) was imaged in Amplitude (b) 
and Phase(b) using the slot antenna. The size of the board is 127 by 127 mm. The total 
height of the board is 22 mm and the depth of the trenches is 10.5mm. The phase 
information shows a clear image of the trenches. Color scales are in dB for magnitude 
and in degrees for phase.[83] 
 
 
The second 3D printed pattern is shown in Figure 5-9 with the extruded elements 
covered with copper tape to assess the response to a conducting substrate material. In the 
equivalent intentional defect arrays these bars would be mimicking the polylines in step 
PolySi IDA. Again the trace width is 7.5 mm. Since this slot antenna resonates at 4GHz 
this is equivalent to λ/10.  
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Fig. 5-9.  Traces based on a Sematech, ISMI Inc. patterned structure, base thickness is 
10.5mm with the total height (including metal-covered traces) being 22 mm (a). 
Magnitude and phase of the scanning results from scaled typical wafer(b). Metal traces 
co-polarized with the E field of the slot antenna are detected. Color scales are in dB for 
magnitude and in degrees for phase.[83] 
 
The fact that the copper tape-covered pattern is highly conductive leads to standing 
waves being set up on the metal lines that are aligned with the antenna’s near field 
polarization. This demonstrates one of the degrees of freedom available when using a 
near field antenna as sensor: its polarization properties can be used as an additional 
imaging filter useful in identifying specific objects and defects. 
To emphasize that these images are the result of the perturbation of the antennas’ near 
field and that they give the WINFA system its sub-wavelength imaging properties it is 
enough to compare a scan of one of the objects in the presence and the absence of the slot 
antenna. This is shown in Figure 5-10. At 4 GHz, the spot-size of the Gaussian beam 
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produced by the horn polyrods is approximately 20 cm across and cannot be expected to 
resolve any of the features.  
 
 
Fig. 5-10.  Scan of the scaled version of the intruded geometry with the horn polyrods 
alone (a) shows no image whereas the slot antenna shows every detail in the pattern (b) 
thanks to the sub-wavelength resolution of its near field.[83] 
 
5.3 Test Setup and Experiments With the Manufactured Meta-Material Antenna 
 
 In the previous chapter and also in [80] it was shown that a metamaterial consisting 
of two Cartesian grids of metal strips 0.19mm wide with a periodic unit cell of 7.6mm, 
separated from each other by a 14mm spacer of dielectric constant 3.5 and connected by 
vias, yields reflection and transmission coefficients with magnitudes close to the values a 
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60 nm slab of silver would exhibit at 620 nm scaled to approximately 2GHz. The 
fabricated substrate and antenna structure is shown in Figure 5-11. 
 
Fig. 5-11.  Meta-material spectacle antenna; unit cell size is 7.6mm and strip widths are 
0.19mm. Total thickness of the antenna is 14mm. 
 
The 14mm-thickness board was made out of three separate PCBs. Two of these 
boards have the grid on one side, the plated-through vias through their dielectric and the 
via pads on the other side. The third board which is placed in the middle of the other two 
boards includes only the plated through vias and their pads.  The dielectric substrate of 
these PCBs is Isola-FR408 with permitivitty of 3.67 and loss tangent of 0.12. The three 
boards are connected together with screws while using alignment pins to prevent any 
drifting in their position relative to each other. The total structure is then affixed to the 
metal frame and placed inside the test setup table.   
The 2GHz scale frequency was chosen to allow us to make the antenna and the 
defects large enough to enable easy alignment in the laboratory without requiring 
positioning equipment with microscopic precision. The close agreement between the 
reflection and transmission properties of the metamaterial slab and the scaled Silver 
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model at 2GHz is seen in figures 5-12a. However, note that at 4GHz, corresponding to 
310nm, the agreement is lost. The reason for this is that to obtain a high enough 
inductance to mimic the optical Drude properties of Silver using only two patterned 
surfaces we used the enhanced inductance that results from a large period metal grid. 
Given the typical narrow bandwidth of optical light sources (lasers) this was not expected 
to be a problem since the metamaterial exhibits the right properties at the right frequency.  
However, there is an apparent discrepancy when the transmission through the grid with 
the antenna is measured in an admittance tunnel (blue trace in figure 5-12b) as compared 
to the computational electromagnetics simulation of the same (red dashed curve in Fig. 5-
12b.) 
 
Fig. 5-12.  Calculated transmission and reflection over the whole band (a), measured grid 
plus antenna transmission S12 overlaid on the HFSS grid resonance picture (b) 
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The  origin of this discrepancy is the difference between the theoretical assumptions 
of the simulation (where an infinite grid surface is illuminated with a perfect plane wave), 
and the admittance tunnel test set up (where the 1 foot by 1 foot grid is used to cover a 
fnite 1foot by 1 foot iris aperture in a  metal baffle to measure the insertion loss incurred 
in the signal between two horn polyrod antennas.) In the case of a perfect plane wave 
incident on an infinite screen, it is computationally trivial to separate the spherical wave 
transmitted through the slot antenna from any amount of plane wave penetrating the grid, 
since the latter occupies an extremely narrow (delta function) range of the angular 
spectrum on the other side of the plane. However in the admittance tunnel, the finite size 
of the aperture in the metal baffle combined with the normal incidence configuration 
mixes the intended trasnmission through the slot with the out-of-band transmission of the 
grid. As we saw in Fig. 5-12a, left, the grid transmits up to -22dB of the incident signal at 
2GHz. 
It is  known that the power radiated by an antenna depends on the received power, 
effective area and gain of the antenna. In the admittance tunnel test, the area of the grid 
far exceeds the area of the slot antenna. Therefore in the tunel, the grid itself behaves as 
an antenna one square foot in area, while the slot antenna can have at most the theoretical 
capture area of a resonant elemntary dipole [85] The result is that the transmission 
through a 1 foot square aperture at 2GHz is 31 dB higher than the transmission through 
the slot antenna. Even with the -22dB attenuation of the grid, the power transmitted 
through the square foot aperture overwhelms the power transmitted by the slot antenna. 
That combined with the spherical spreading of the slot’s transmission, and the still 
approximately collimated transmission of the plane wave through the grid, explain why 
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there is no evidence of the slot antenna’ resonance in the admitance tunnel measurement 
of Fig. 5-12b. 
The above detailed discussion was necessary because the same effect must happen in 
the wave interrogated test set up because the grid being tested is finite in size and the 
illuminating sources are not true far field incident plane waves (like a laser would 
provide at optical frequencies.) In attempting to illuminate a defect with the slot antenna, 
the whole grid is transmitting energy to the space under the table, and that energy scatters 
from, among other things, the positioning system. Even covering part of the area of the 
grid outside the immediate near field region of the slot atenna with -5dB worth of 
resistive films, the signal recived due to the grid is still higher than the received signal 
due to the antenna. The problem is exacerbated by the fact that the horn polyrods’ beam 
at 2GHz is approximately 40 cm wide and there is a considerable back lobe. As a result 
the whole experimental set up is fraught with unintended scatterers. Ordinarily, we would 
use time domain gating to attempt to isolate the slot antenna’s signal from the rest of the 
scattered signals but this would force us to take data at frequencies where the 
metamaterial no longer mimics Silver, and therefore is even more transmissive.  
None of these problems would arise at the optical frequencies during the intended use 
of the system because laser sources and detectors have extremely narrow operating 
bandwidths and nearly perfect plane wave characteristics. Nevertheless, for the sake of 
comparing with the 4GHz antenna (slot in metal) data, the free space remote interrogation 
RF set up was used to obtain preliminary baseline data. 
5.3.1 Initial Setup Using Gaussian Beam Poly-Rod Antennas 
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To maximize the dynamic range, the transmit and receive antennas were both 
polarized vertically and brought as close as possible to the center of the test set up. A six 
inch thick anechoic chamber absorber, metal-backed, was then used as baffle between the 
antennas to minimize cross talk. (See Fig. 5-13). 
 
Fig. 5-13.  Free space WINFA configuration experimental set up for the metamaterial 
antenna. 
 
To reduce the unwanted transmission through the grid outside the range of the slot 
antenna’s near field, a low radar cross section aperture was created using Aluminum foil 
around the antenna, seen in Fig. 5-14a. Fig. 5-14b shows the time domain response of the 
metamaterial antenna. Out of all the echoes observed in this graph only the echoes 
relevant to the antenna were selected and the rest were eliminated using time domain 
gating of the VNA.  
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Although this serves to isolate the antenna, the narrowness of the time domain gate 
artificially broadens the frequency domain respnse of the antenna. Instead of the very 
sharp echo at 2 GHz we expect from Fig. 5-12b we have a very wideband echo (Fig. 5-
14c)). 
 
Fig. 5-14.  The meta-material antenna is tested in the new test setup. For this experiment 
the grid is covered partly by metal (a). A time domain gate has been applied to the time 
domain data in order to take into account only those echoes which belong to the antenna 
(b).  A clear but broad resonance at 2GHz from the antenna is seen by the VNA (c). 
 
To show the capability of the meta-material antenna in detecting objects under it, a 
one-dimensional (1D) scan was performed. For this experiment a thin 5mm (
𝜆
30
 at 2GHz) 
width copper tape is pasted on a piece of Styrofoam of the same thickness as the length of 
the copper tape (approximately 10mm). The foam is then placed on a honeycomb 
absorber and the whole object is set on the motorized stage under the metal table. The 
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result of the scan along the X direction using the metamaterial antenna is shown in Fig. 
(5-13 b). For sake of comparison and since the slot antenna inside the metal resonates at a 
frequency twice of the metamaterial antenna a similar metal object with half the size (to 
keep the relative size of (
𝜆
30
) ) was scanned with the slot antenna inside the metal. The 1D 
scan result is shown in Fig. 5-15 c. 
 
Fig. 5-15.  A thin copper tape pasted on Styrofoam(a). This object was scanned by the 
meta-material antenna. The red arrow shows the direction of the scan. Another object 
with approximately half the size (same electrical size) was scanned by the slot antenna in 
the metal (depicted in Fig. 5-2). The change in the scattered signal received by the horn 
polyrod shows that the metal object is detected by the meta-material spectacle antenna (b) 
the same way it is detected by the slot antenna inside metal (c), but the excess 
background noise is also evident. 
Both antennas detect the 5mm-width object as a dip in the S21 signal; with the 
spectacle antenna being much noisier. 
5.3.2 Experimental Setup with a Waveguide as Source and Receiver 
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The goal of this new set up was to enable us to illuminate the antenna with a constant 
wattage (CW) 2GHz signal without having to resort to a time domain gate and at the 
same time minimize the artificial transmission through the grid due to the out-of-band tail 
of the 4GHz transparency of the grid. We used as our source an S-band waveguide feed 
with a coax adapter and performed an S11 measurement. Even though an S Band 
waveguide is below cut-off at 2 GHz, the proximity of the feeding coax probe to its 
mouth allows enough 2 GHz radiation to be radiated to make this the perfect source for 
the experiment. The smallness of its aperture (7.2cm by 3.4 cm) means we can clearly 
isolate the antenna or isolate a region of the grid if desired. 
To ensure that the transmission through the antenna is due to the desired mimicked 
plasmon resonance of the spectacle shape on the Drüde–like properties of the 
metamaterial, we must show that the grid by itself does not have a “matching effect” on 
the cut-off aperture of the waveguide. No matching effect is expected on theoretical 
grounds since a waveguide under cut-off is an inductive scatterer and the grid itself is 
also inductive, not capacitive. Fig. 5-16 shows that indeed, when the waveguide is placed 
on a pure grid section of the metamaterial there is no enhanced transmission (blue curve) 
but when it is placed on the antenna a clear reduced S11 (enhanced transmission) 
resonance is seen at 1.9 GHz. 
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Fig. 5-16.  Reflection from the waveguide mouth when it is placed on top of pure grid 
and meta-material antenna. The resonance of the antenna is clearly observed. 
 
With this sharp a resonance any change in the antenna radiation caused by proximity 
of an object is detected and can be used as a characteristic in imaging that object. For 
instance in Fig. 5-17 (b) the change in the raw amplitude of the resonance due to a λ/35 
objects at a distance of 3.5mm (λ/43) from the antenna is clearly seen.  
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Fig. 5-17.  Setup for measuring the depth of field. (a) is the setup from above;  the 
waveguide sitting on top of the meta-material antenna, (b) is the setup below the scanning 
table; A positioner (jack) is placed on the motors to control the height. Honeycomb 
absorbers are used to eliminate any scattering from the metal objects (including 
positioner jack) underneath table. The object under detection in this figure is a 
subwavelength object taped on top of a very thin column of Styrofoam. The difference 
between the antenna resonance in presence and absence of a subwavelength object under 
it is seen in (c). 
 
Since we do not need to use time domain gating we can now take full advantage of 
the antenna’s sharp resonance band. The effect of a nearby scatterer on the antenna can 
always be viewed as a change on the input impedance of the antenna, including a change 
in the depth of the null and its position. If we store the unperturbed response of the 
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antenna in the memory of the VNA and normalize to that response (using the Math 
Divide option) then the effect of a nearby scatterer is seen as a change over the entire 
resonance band and not just at its center. Thus in principle there are three kinds of images 
we can gather: (i) Amplitude variation at the resonance frequency (ii) Phase variation at 
the resonance frequency (iii) Integrated variation of the change in the response of the 
antenna over its resonance band relative to its unperturbed state. Clearly the third option 
will give us the largest dynamic range.  
Figure 5-18(a) shows the result of the Change signal (Math Divide operation) on the 
data of Figure 5-17(b). Notice that the response to a λ/35 object exceeds the noise ripple 
by about a factor of 20. Since our change signal is a complex value we can also use its 
phase as well. The phase of the change signal is shown in the figure 5-18(b). 
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Fig. 5-18.  VNA math divide output as the response to a λ/35 object, (a) amplitude 
change signal and (b) phase of change signal 
 
Given the Change signals of Figure 5-18, if we take its absolute value (for instance 
the dashed blue in figure 5-19) and integrate it over the resonance band (designated by 
the dashed lines) we obtain the integrated change response.  
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Fig. 5-19.  VNA math divide output as the response to a λ/35 object, amplitude of the 
change signal (a). Taking the absolute value of the change signal yields a total signal that 
can be integrated over the band (b). 
 
Given the large change caused by the lambda/35 object can expect detection of such 
metal objects down to lambda λ/80 to be possible. In Fig. 5-20, a 1D scanning result of a 
small plastic object of size 2mm*2mm*3mm (corresponds to ≈λ/78) and approximately 
1.5mm below the anetnna is shown and reported as integrated signals. The object is 
clearly detected. At this size of object the background noise is starting to become relevant 
but not yet overwhleming.  
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Fig. 5-20.  Plastic object of size 2mm*2mm*3mm i.e. λ/78 horizontally (a). 1D scan of 
the object. amplitude (b) and phase (c) of integrated change signal are used to generate 
the image. Scanning step size is 1mm. 
 
5.4 Imaging Characteristics of the Plasmonic WINFA Element 
 
5.4.1 Hotspot of the Antenna Element 
One of parameters of interest for any imaging system is the point spread function of 
its detector (the size of the hotspot.) To first order, the sensor’s resolution of critical 
dimensions is expected to be of the order of this hotspot. However knowledge of this 
point spread function can be used in signal processing deconvolution approaches that can 
result in images significantly sharper than this limit. Using the fact that the image of an 
object is always the result of the convolution between the object’s response and the 
hotspot, if the object to be imaged under the antenna is chosen to be a wide area 
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(compared to the size of the antenna) consisting of two different materials with a sharp 
boundary between them, that straight border, this edge acts like a Heaviside step function. 
The convolution of any function (here the hotspot of the antenna) with the step function 
is the integration of that function. Therefore if the result of the scan of such an area is 
differentiated, the result would be the hotspot of the antenna.  
Fig. 5-21 shows the object under the antenna, a square dielectric board, 120mm by 
120mm by 2.25mm thick which is used to determine the hot spot. The position of the 
object relative to the antenna E field is shown. 
 
Fig. 5-21.  The dielectric edge of a pcb (FR4) is used to determine the hotspot of the 
antenna. The scan length starts from middle of the board and extends past the edge an 
equal distance. For one scan the board edge is along the E field of the antenna (when the 
antenna is placed as in the solid blue sketch, with E field in (b)) and for the other scan the 
edge is perpendicular to the antenna E field (when the antenna is placed as in the dotted 
red sketch  with E field in (c)). 
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Fig. 5-22a shows the response of the antenna to the dielectric edge for both polarizations. 
A simple moving average smoothing algorithm has been applied to the data in order to 
facilitate the numerical differentiation. The result of the numerical differentiation is 
shown in figure 5-22b. The “Half Power full width” of this spot is 10.5mm or about λ/15 
relatively half the size of the hotspots of the original element seen by Watts in [3] which 
was 0.145λ.  
.  
Fig. 5-22.  The derivative of the antenna response when the edge of the plastic board 
passes under the antenna is taken along two different directions. Normal to the E field 
(red) in the figure means the edge of the board is normal to the E field which corresponds 
to the scan direction depicted in fig. 5-21. The opposite is true for the other direction 
(blue). 
 
5.4.2 Different Response of the Antenna Element to Different Materials 
 
One of the characteristics of the proposed antenna element is that it reacts differently 
to metal and dielectric objects under it. This difference as will be demonstrated through 
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the scan images represents how an object reacts to the electric and magnetic fields of this 
antenna. The following figure shows an image of a λ/78 metal object.  
 
Fig. 5-23.  Two dimensional scans of a 20mm by 20mm area containing a 2mm metal 
(left) and dielectric (right) object. The images are derived using the method introduced in 
section B, that is, using the integrated signals, amplitude and phase. 
 
 
Because circulating currents can be induced in the metal object being scanned by the 
normal-to-the-plane strong magnetic field at the “eyes” of the spectacle antenna, as well 
as linearly polarized currents by the electric field in the plane, at the gap (the “nose 
piece”) of the antenna, we expect to see three images as the object passes under the 
antenna. What is interesting (and useful) is that right under the antenna center both 
amplitude and phase images have the same sign whereas for the locations under the ring 
shapes of the antenna “eyes” the signal has opposite signs. (Even without involving any 
integration and just looking at the pure amplitude and phase signals at specifically the 
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resonance frequency of the antenna, a similar behavior can be observed. The integrated 
signal magnifies it. The relative strength of the center piece and side arcs are switched in 
the amplitude and phase figures. All four sets of figures, pure amplitude of the change 
signal at resonance frequency, pure phase of the change signal at resonance frequency 
and the integrated amplitude and phase of the change signal over a frequency band 
around the resonance frequency, are shown in the next subsection where the depth of the 
field is discussed.) 
The image of a dielectric object is depicted in figure 23 on the right. It is observed 
that the reaction between the antenna and a dielectric object is different from that we 
observed for the metal object. The signal only appears at the center of the antenna 
because for the dielectric object only the electric field of the antenna is perturbed which 
results in the same behavior for both the amplitude and phase of the change signal. This 
kind of difference in reaction to different materials was also reported as a characteristic of 
the original WINFA element reported in [5].  
 
As explained, the circulating current induced by the magnetic field of the antenna is 
what causes the signal that appears in the region of the arcs of the antenna. To prove this 
point we made a thin broken metal ring. The gap in the ring interrupts the flow of the 
circulating current on the metal. Fig. (5-24) shows the scan of this metal ring. Again only 
one image (at the center of the antenna) is seen. 
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Fig. 5-24.  A split metal ring (a) and its image derived by integrated amplitude (b) and 
integrated phase (c) of  the change signal 
 
Even though different responses in phase and amplitude gives more information 
regarding the material and structure of the object under test, in some cases it is promising 
to get a single image out of the two phase and amplitude images.  As we perceived the 
scan data of a small metal object has different characteristics in the amplitude and phase 
images. This difference was the result of how the object reacts to the electric and 
magnetic hotspots of the antenna. In this section it is shown that the difference between 
the phase and amplitude images Fig. 5-25 can be represented as a factor which is then 
used to derive a single image out of the two amplitude and phase images. 
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Fig. 5-25.  Amplitude (a) and phase (b) of images of a small metal object 
 
∝≜
The average value from the encircled sections in amplitude image 
The average value from the encircled sections in phase image 
 
 
This factor is multiplied by the whole phase image and added to the negative of the 
amplitude image: 
 
𝑡ℎ𝑒 𝑛𝑒𝑤 𝑖𝑚𝑎𝑔𝑒 = ∝∙ 𝑡ℎ𝑒 𝑤ℎ𝑜𝑙𝑒 𝑖𝑚𝑎𝑔𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑟𝑖𝑔ℎ𝑡 − 𝑡ℎ𝑒 𝑤ℎ𝑜𝑙𝑒 𝑖𝑚𝑎𝑔𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑙𝑒𝑓𝑡 
 
The resulted image is: 
 
Fig. 5-26.  The single image of a small metal object as a result of processing its amplitude 
and phase images 
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From this calculation we expected to see only the middle red spot in a uniform blue 
background. However due to different sources of noise in our measurements such as non-
flatness of the background on which the object was standing, the original images are not 
symmetric enough to be able to extract a perfect image out of this process. Despite of all 
these problems this image shows a single metal object and this can be counted as an 
unambiguous image for the metal objects. This image can easily be enhanced using 
image processing (e.g. debluring and filtering the image) methods. 
 
Fig. 5-27.  Image of a small metal object after applying  image processing methods 
 
The next section discusses the depth of field attainable by this sensor using the 
change signal measured in different ways for a small metal object at different heights. 
 
5.4.3 Depth of the Field of the Antenna Element 
 
To calculate the depth of the electric and magnetic fields a small metal object was 
used. (Fig. 5-28)  
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Fig. 5-28.  A small metal square (each side =4mm = λ/37.5) is used as the object for 
measuring the depth of field. (a) shows the top view. (b) shows the object taped on a 
column of Styrofoam vertically attached to a bigger piece of foam to hold it. 
 
The distance under the antenna where the object is placed was changed from 1.5 mm 
to 6.5mm with a step of approximately 0.4mm: 1.5, 1.92, 2.34, 2.76, 3.18, 3.60, 4.02, 
4.45, 4.87, 5.71, 6.13, 6.55 all in mm. For these experiments we use the response exactly 
at the resonant frequency to obtain both amplitude and phase data. This data is shown in 
Fig. 5-29. 
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Fig. 5-29.  Amplitude and phase in the reflection from the antenna at 1.9GHz when a 
subwavelength metal object is placed at different heights 
 
Other than the amplitude and phase of the change signal (Math Divide operation) we 
can also use the integrated change response. Figure 5-30 shows the integrated amplitude 
response while Figure 5-31 shows the integrated phase response. Note that the integrated 
phase image succumbs to noise much earlier than the integrated amplitude signal. 
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Fig. 5-30.  Integrated amplitude of the change signal when a subwavelength metal object 
is scanned. Scan area is 20mmby20mm 
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Fig. 5-31.  Integrated phase of change signal when a subwavelength metal object is 
scanned at different heights. Scan area is 20mmby20mm. Phase sensitivity is lost beyond 
h=3.2mm 
 
From the amplitude images at the peak electric and magnetic field points, the depth of 
the field can be determined. Figure 5-32 shows a decade change in sensitivity over a 
6mm range. This corresponds to a -10dB depth of field.  
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Fig. 5-32.  Depth of the field: magnitude of change in the field vs. height in logarithmic 
scale electric field (a), magnetic field (b) 
 
For comparison the total normalized electric and magnetic fields along a line normal 
to the surface of the meta-material antenna in the full-physics (ANSYS HFSS) simulation 
is shown.(Fig. 5-33) 
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Fig. 5-33.  Simulated normalized electric and magnetic fields along the vertical direction 
starting under the antenna. (a): electric field at the center of the antenna. (b): Magnetic 
field at the centers of the “eye pieces”. 
 
The same range of distances from 1.5mm to 6mm under the antenna is indicated in 
the figures to compare these results with the measured depth of the field. In both the 
measured and simulated results a change of almost a decade can be seen. Exact 
agreement cannot be expected because the simulated results are directly the electric and 
magnetic field strengths whereas in measurement we calculate the integration of the 
change in the scattered signal above the antenna which includes the strength of the 
reaction of the object under observation. 
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5.4.4 Imaging Scaled Version of Patterned Wafers Using the Meta-Material Antenna 
 
Finally, we show a gallery of raw integrated change images of a variety of patterned 
surfaces without any further image processing. Following are the images of the intruded 
and extruded geometries mimicking the 65nm node of SEMATECH IDA. These are the 
same test articles designed originally to image with the slot antenna inside the metal, as 
4GHz equivalents of the 65nm node intentional defect array. Those scanned results were 
shown in previous section. Since the metamaterial antenna resonates at half the frequency 
of that antenna, the geometries are interpreted as half the 65nm node at optical 
frequencies. 
 
Fig. 5-34.  The image of intrusions, the same object as in Figure 8. The trace widths 
are 
λ (at 1.9GHz)
22.5
). This is approximately 30nm for resonance of the equivalent optical 
antenna with resonance around 620nm. Scan step size is 2mm. 
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Fig. 5-35.  2D scan of extrusions half covered with metal. Scan step size is 2mm. Images 
are derived using integration of amplitude of change signal. 
 
The images derived from the integrated phase are shown in the following figures. 
123 
 
 
Fig. 5-36.  2D scan of extrusions half covered with metal. Scan step size is 2mm. Images 
are derived using integration of phase of change signal. The edges of the pattern being 
scanned have been added to guide the eye 
 
In the case of Figures 5-35, 36 the metal covered extruded traces are such strong 
scatterers that they overwhelm the image. This strong response is due to the combined 
electric and magnetic images as discussed in section C-2 above. To show a better view of 
the phase images a contour of the extrusions is added to these images in Fig. 5-36. 
An image of the same trenches but without any metal cover is shown in Fig. 37. The raw 
amplitude image derived by scanning the surface from a distance of 2mm (equivalent 
optical distance of 8.3nm) at a (coarse) 2mm step is shown on the right of the Fig.  5-37. 
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No attempt has been made to sharpen these images further by using signal processing 
algorithms because that art is well known, and there are many possible strategies that can 
be adopted depending on the important features of interest. 
 
 
Fig. 5-37.  Scans of two different types of patterns emulating the metal 1 trenches step 
(top) and polysilicon line step (bottom) of integrated circuit manufacturing. 
 
Fig. 5-38 (a-1,a-2) shows a PLA plastic board with different extrusions of different 
shape and size and its image using the metamaterial antenna. In Fig. 5-38 (a-1) the 
bottom row consists of large flat dielectric surfaces with gaps between them varying from 
9mm to 4mm. The sizes of the large pillars on this row are 3.2cm by 2.9cm, 3.2cm by 
2.4cm, 3.2cm by 2.4cm and 3.2cm by 3.0cm. The middle row are pyramids and the top 
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row are square pillars. The base of the pyramids and sides of the square pillars are 9mm, 
6mm and 4mm which for 2GHz corresponds to λ/16.7, λ/25 and λ/37.5 respectively. The 
heights of all the objects are 1.5cm and the distance between the rows  is 3.3 cm..  Figure 
38 (a-2) shows the image of the entire object at 2 mm step. A reduced area scan limited to 
the dielectric square pillars at 1mm step is shown in Fig. 5-38 (b-1) The smallest pillar 
was covered with a piece of copper tape to enhance its image (Fig. 5-38(b-2)). 
 
Fig. 5-38.  Scan of different sub-wavelength shapes on a plastic board. All the objects are 
sub-wavelength (a-1). Top surface of one of the pillars is covered by metal (b-1). Figure 
(b-2) is the scan of only one row of the plastic objects. The step size of the scan in figure 
(b-2) is half the step size of figure (a-2) to get a more accurate image. 
 
5.5 Summary and Conclusion 
In previous chapters the detecting capability of a near-field subwavelength imaging 
system using remotely interrogated slot antennas in a silver layer was shown through full-
wave simulation results. Then to demonstrate the capability of the system through 
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experiments in an accessible experimental environment an equivalent version of the 
detecting element of the system was designed at radio frequencies. In this chapter various 
experiments were performed on the RF designed near-field sensor. These experiments 
ranged from detecting the sub-wavelength objects to imaging extruded and intruded 
patters. The experiments were done in a way similar to holography method at optical 
frequencies. In other words before imaging any pattern first the scattered signal from the 
background (or a non-defected surface in case of defect detection) were saved into the 
VNA memory. Then any further measurement was divided by the memory and this way 
for each point its difference from the background was clearly captures as a complex 
number which was also referred to as change signal through this dissertation. The 
amplitude and phase of this complex change signal was integrated around the resonance 
frequency of the antenna and led to clear images which in most cases didn’t require any 
further image processing techniques.  
The sub-wavelength objects were chosen to be either highly reflective like metal or 
low scatterer like plastic. The results successfully showed that the near-field sensor is 
capable of detecting a λ/78 object. Different plastic boards with intruded and extruded 
patterns of λ/22 were also imaged. The sensitivity of the magnetic field of the sensor to 
metal objects was also proved through comparing the images of a subwavelength metal 
patch which allows the flow of eddy currents on its surface and a broken-ring metal patch 
which prevents the flow of such currents. Sensitivities to the materials and their physical 
structures make this antenna as a capable sensor for defect detection of composites.  
More over the principal E field of the antenna, being in a certain direction, resulted in 
a stronger detection of the object aligned with it. Such sensitivity to the material position 
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relative to the electric field could be used to detect any anisotropy in an isotropic material 
e.g. a crack or damage on the surface of a honeycomb absorber.   
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Chapter 6  
 
CONCLUSIONS AND FUTURE WORK 
 
 
The capabilities of a massively parallelizable near-field optical sensor for sub-
wavelength defect detection and imaging have been demonstrated. This sensor was 
designed as the antenna element for a new version of the formerly proposed wave 
interrogating near-field imaging system. This system was proposed in 2002 and it 
imaging modality is based on holographic filtering, that is, the detection process is based 
on the difference between the images (both amplitude and phase) of a defected surface 
and those of a non-defected surface. In other words what matters is the change in the 
antenna scattering as a result of the proximity of a sub-wavelength scatterer. Such a 
system can correlate the far-field scattering data to the subwavelength defects perturbing 
the individual antennas of the scanning array and therefore produce true images of the 
defects or patterned surfaces. 
In the present work a tuned nano-photonic slot antenna inside a 60 nm slab of silver, 
was proposed. Such an element increases the signal to noise ratio of the original imaging 
system since using this element the opacity of the silver slab at the operating frequency of 
the sensor prevents the whole surface under test from being illuminated by this antenna. 
Only those parts of the surface in the antenna hot-spot affect its near-field. This 
characteristic as it was proven through the experiments helps generating clear images of 
patterned surfaces. Full physics simulations showed that the change in the signature of 
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this antenna, as a result of placing a subwavelength object in its near-field, is more than 
1.5 orders of magnitude larger than the scattering by this object alone in space. Moreover 
this sensor is capable of detecting 8nm objects. 
To experimentally validate the simulation results an artificial material was made at 
radio frequencies to mimic the optical properties of the 60 nm silver slab. The artificial 
material consisted of two layers of metal grids on both sides of a dielectric board. The 
antenna was cut and shaped inside the grids. In the design of this material it was focused 
on imitating the coupling phenomenon regarding the localized surface plasmons on a 
silver slab. Even though this artificial construct violated the conventional rules of 
effective medium theory, it preserved all the essential physics of the silver slab and its 
interaction with the slot antenna.  
The radiofrequency experiments demonstrated the capability of the antenna in 
detecting λ/78 objects as well as its sensitivity to different materials (dielectric and 
metal). Using 3D printed test articles to emulate the metal1 and polysilicon line stages in 
typical integrated circuit manufacturing; the ability of the sensor to image patterned 
surfaces with critical dimension of λ/22 was also demonstrated.  
The future work regarding this project can be divided in two parts: at optical 
frequencies and at radio frequencies. At optical frequencies a planar array of the proposed 
near-field sensor can be made inside the 60nm silver slab; with the original WINFA 
principle taken into consideration, that is, the antennas should be arranged in a way that 
the radiation pattern of the whole array gives a grating lobe normal to the array surface. 
Therefore any specular reflection from the surface under test is guided away from the 
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detecting sensors and only the scattering from the subwavelength patterns and objects 
will reach to the sensors through the normal grating lobe. As an initial test the hot-spots 
of this structure can be verified using Near-field Scanning Optical Microscopy, NSOM 
methods.  
At radio frequencies since the capability of the sensor in sub-wavelength imaging is 
already confirmed in this work, it can be used in defect detection purposes such as crack 
or damage detection on various surfaces. A planar array of the sensor at radio frequencies 
is also an option in case a high throughput defect detection system is required.  
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APPENDIX A 
 
A LITERATURE REVIEW ON THE ORIGIN OF THE ENHANCEMENT OF LIGHT 
PASSING THROUGH THE SUB-WAVELENGTH APERTURE 
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                Authors Suggested element or 
structure 
                Explanation 
Porto, Garcia Vidal and J. 
B. Pendry (1999) 
Ref. [40] 
 
 
Narrow Slits on a film Two possible ways of 
transferring light from the 
top to the bottom surface. 
One by coupling of the 
incident plane wave to the 
resonance modes inside the 
slit. The other by the 
excitations of the surface 
plasmons on both sides of 
the slit. 
Lezec, Ebbesen et al. (2002) 
Ref. [18] 
Single aperture surrounded 
by corrugated metal surface 
Coupling of incident light to 
the surface plasmon modes 
at the surface of the metal 
and the outer surface which 
leads to beaming 
phenomenon. 
Maslovski and Tretyakov 
(2003,2004) 
Ref. [16, 41] 
Perfect lens using two 
planes 
There is a direct analogy 
between the phenomenon 
taking place at the Veselago 
slab (a slab with negative 
permeability and 
permittivity) interface and at 
a couple of phase-
conjugating planes placed in 
free space 
 
 
 
 
Degiron, Ebbesen et al. 
(2004) [42] 
Cheng et al  (2005) 
Ref.[43]  
 
Single aperture , circular 
and rectangular 
 They considered magnetic 
dipoles (normal E fields) at 
the apertures. Tunneling of 
waves or coupling on two 
surfaces can exist.  
Resonance appears at 
wavelengths larger than the 
hole cut off wavelength. 
This resonance may belong 
to the Localized Surface 
Plasmons at the edges of the 
hole. 
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                Authors Suggested element or 
structure 
                Explanation 
Popov et al (2005) 
Ref. [44] 
Single hole surrounded by 
corrugations 
The two major contributions 
to the EM fields are first the 
localized surface plasmons 
at the ridges of the hole with 
an electric field almost 
perpendicular to that of the 
incident field and second, 
which is much weaker, the 
dipoles generated by the 
accumulated charges at 
these points. 
Chang et al (2005) 
Ref. [43] 
Isolated single hole and the 
hole surrounded by 
corrugations 
Both Surface plasmons on 
the film surface and 
localized surface plasmons 
at the edges of the hole 
contribute to the 
transmission of light. 
Localized surface plasmons 
are due to the charge 
oscillations on the walls of 
the hole. 
Catrysse et al (2008) 
Ref. [45] 
Analytical waveguide 
solution of the holes inside 
a Drude material 
The localized surface 
plasmons are due to the 
propagating plasmonic 
modes inside the holes near 
the cutoff. The cutoff 
wavelength of the modes 
inside the hole does not 
approach zero. 
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                Authors Suggested element or 
structure 
                Explanation 
J. B. Pendry et al. (2004), 
Ref. [46] 
Garcia Vidal et al (2005), 
Ref. [47] 
Garcia de Abajo et al 
(2005), 
Ref. [48] 
Bo Hou et al (2006) 
Ref. [49] 
 
 
 
 
Perforated conductor in 
microwave frequencies  
The enhancement in 
transmission can even occur 
in microwave regime. What 
is important is the periodic 
structure. 
Ishihara, Ohashi (2006) 
Ref. [50]  
 
Bowtie antenna surrounded 
by gratings 
The excitation of surface 
plasmons plus the very 
small gap in the bowtie 
antenna where the fields 
concentrate are the reason 
for transmission 
enhancement. 
Genet et al (2007) 
Ref. [51] 
 
Single aperture surrounded 
by periodic structures ,(like 
pervious one with more 
insight to it) 
To compensate for the lack 
of momentum of light 
(engineering speaking 
wavenumber of light is less 
than wave number of 
surface plasmons in 
dispersion diagram) use the 
periodic structures. SPs are 
standing waves they don’t 
propagate. 
Zhou (2015) 
Ref. [52] 
 
Single hole analytical 
solutions 
The combination of 
corrugation around a slit or 
hole and surface plasmons 
act like a filter on the re-
radiated light defining the 
permitted emission angle.   
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                Authors Suggested element or 
structure 
                Explanation 
Prikulis et al (2004) 
Ref. [53] 
 
Single hole experiments Resonance may belong to 
the localized surface 
plasmon at the 
circumference of the 
aperture. 
 
 
 
 
Tae-Ho Park, Naomi Halas 
(2008) 
Ref. [54] 
 
Single hole theoretical 
solutions 
The hole plays an 
intermediate role in 
coupling of the incident 
wave and the surface 
plasmons of the film 
 
Adam et al, (2008) 
Ref. [55] 
 
 Experimental results on 
perforated gold film 
The E field is stronger at the 
edges 
Norman J. M. 
Horing, Desire 
Miessein, Godfrey Gumbs 
(2014) [56] 
Transmission through a 
sub-wavelength aperture 
inside a thin plasmonic 
film- Green function 
solution 
The transmission is 
considered to have two 
major contributions: 
transmission through the 
hole and transmission 
through the film. The 
interference fringes from the 
hole and from the sheet both 
as a function of lateral 
distance has been shown 
and discussed that as the 
lateral distance grows these 
fringes flattens to that of the 
transmission through the 
sheet.  
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                Authors Suggested element or 
structure 
                Explanation 
Yue W et al.(2014) 
[24] 
Different types of nano-
apertures in a gold film 
The geometry of the 
apertures is an important 
factor in EOT(extraordinary 
transmission). Transmission 
through the bridged 
nanohole pairs is more than 
the simple apertures and it 
increases as the shape of the 
nanohole pairs changes from 
triangular to circular and to 
squares. They have 
discussed the application of 
such arrays in plasmonic 
sensor devices to monitor 
food safety.  
They also experimentally 
observed that the bandwidth 
and the amplitude of the 
transmission strongly 
depends on the gap between 
the two hole pairs. 
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                Authors Suggested element or 
structure 
                Explanation 
Satoshi Ishii, Vladimir M. 
Shalaev, and Alexander V. 
Kildishev (2013) [57] 
Concentration of light (531 
nm) by means of a lens 
fabricated by concentric 
array of holes of different 
radii inside a gold film 
(380nm). 
The geometry of the array 
is symmetrical both 
globally (the array in form 
of rings) and locally (each 
individual hole). 
 
Other than propagation of 
plasmonic modes inside the 
apertures the photonic 
modes are being considered 
to introduce the phase delay. 
The phase of the light 
passing through the holes 
strongly depends on each 
individual hole. Describing 
this dependency, a circular 
array of these holes is 
designed in a way that the 
total structure can focus a 
linearly polarized incident 
light. This way the phase 
front of the transmitted 
wave can be controlled by 
adjusting the radii of the 
holes. Since the array is 
composed of sub-
wavelength holes which 
described as the 
discretization of the circular 
slits, no dependency on the 
incident light polarization 
occurs.  
 Thio et al
 
, (2000) [58] 
  
Sub-wavelength hole on 
cleaved end of a single 
mode optical fiber with 
corrugated surface around 
it. 
The enhancement of light 
passing through a single 
aperture; as a result of 
fabricating a near-field 
surface-plasmon activated 
device (SPADE) on an 
optical fiber; is shown. The 
face of an untapered optical 
fiber is coated with silver 
and an aperture of 200 nm is 
made in the silver film. The 
periodic corrugation on the 
silver film helps strongly 
enhance transmission 
through the aperture. 
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APPENDIX B 
 
PLANE WAVE SPECTRUM APPROACH: 
DEMONSTRATION OF SURFACE-TO-SURFACE COUPLING PHENOMENON AT 
THE SURFACES OF A SILVER SLAB 
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In this appendix we develop a Green function solution for the problem of calculating 
the fields close to the surfaces of a slab with a negative permittivity material using plane 
wave spectrum method.  
Prior to solving the problem of slab we first consider the generating sources of plane 
waves. For this problem we consider TE and TM cases. Assuming the Y-Z plane as the 
plane of incidence, the fields of TE and TM modes are calculated from Ex and Hx 
respectively.  
Consider two half spaces; 1 for z>0 and 2 for z<0 as in Fig. (B-1). In order to have an 
upward travelling wave in half-space 1 and a downward traveling wave in half-space 2, 
there must exist traveling currents along the boundary. This is because at the boundary of 
these half-spaces the tangential electric fields are not the same just above and below the 
boundary. Current waves similar to Fig (B-1) are surface currents travelling along Y with 
wave number ky. Since this wave number is smaller than the free space wave number the 
surface currents are faster than the speed of light and therefore they radiate.  For TM case 
the current sheets that can generate the magnetic field, Hx, are electric currents in the 
plane of incident or magnetic currents perpendicular to this plane.  
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Fig. B-1.  Electric and magnetic surface current sources required to generate TM waves. 
Superposition of these two sources contributes only the upward travelling wave. 
 
The strength of the surface magnetic currents are equal to the discontinuity in the 
tangential electric fields in the two mediums and the strength of the surface electric 
currents are equal to the discontinuity of the tangential magnetic fields. The relation 
between the surface current sources and the fields are: 
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𝐾𝑚⃗⃗ ⃗⃗  ⃗ = −?̂? × (𝐸𝑦1?̂? − 𝐸𝑦2?̂?) = −2𝐸𝑦1?̂?
= −2𝐸𝑦?̂?,   (𝐸𝑦1 = 𝐸𝑦, 𝐸𝑦2 = −𝐸𝑦) 
(B-1) 
 
𝐾𝑒⃗⃗⃗⃗ = ?̂? × (𝐻𝑥1?̂? − 𝐻𝑥2?̂?) = 2𝐻𝑥1?̂?
= 2𝐻𝑥?̂?,  (𝐻𝑥1 = 𝐻𝑥, 𝐻𝑥2 = −𝐻𝑥)  
(B-2) 
 
Since the generating field for TM modes is Hx we calculate Ey in equation (B-1) in terms 
of Hx.  
For the source-free homogeneous medium, Maxwell’s equations give: 
∇ × ?⃗? = −𝑗𝜔𝜇?⃗?  
∇ × ?⃗? = 𝑗𝜔𝜀?⃗?  
(B-3) 
(B-4) 
 
Taking curl of equation (B-4) we have: 
∇ × (∇ × ?⃗? ) = 𝑗𝜔𝜀(∇ × ?⃗? ) = 𝑗𝜔𝜀(−𝑗𝜔𝜇?⃗? ) = 𝜔2𝜇𝜀?⃗?  (B-5) 
 
On the other hand the vector identity reads: 
∇2?⃗? = −∇ × ∇ × ?⃗? + ∇(∇ ∙ ?⃗? ) (B-6) 
 
Since the medium is source free i.e.  ∇ ∙ ?⃗? = 0 equation (B-5) becomes: 
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∇ × ∇ × ?⃗? − 𝑘𝑚
2?⃗? = 0,  𝑘𝑚 = 𝜔√𝜇𝜀 (B-7) 
 
For the Cartesian coordinate equations (B-6) and (B-7) lead to 
∇ × ∇ × ?⃗? − 𝑘𝑚
2?⃗? = {
∇2𝐻𝑥 + 𝑘𝑚
2𝐻𝑥 = 0
∇2𝐻𝑦 + 𝑘𝑚
2𝐻𝑦 = 0
∇2𝐻𝑧 + 𝑘𝑚
2𝐻𝑧 = 0
 
 
(B-8a) 
(B-8b) 
(B-8c) 
 
The solutions to the above equations are: 
𝐻𝑥(𝑥, 𝑦, 𝑧) = 𝐻𝑥0𝑒
−𝑗(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧) 
𝐻𝑦(𝑥, 𝑦, 𝑧) = 𝐻𝑦0𝑒
−𝑗(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧) 
𝐻𝑧(𝑥, 𝑦, 𝑧) = 𝐻𝑧0𝑒
−𝑗(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧) 
 
(B-9a) 
(B-9b) 
(B-9c) 
(B-9d) 
 
Now using Maxwell’s equation (B-4) we derive the E field components in terms of the H 
fields. 
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𝐸𝑥 = −
𝑗
𝜔𝜀
(
𝜕𝐻𝑧
𝜕𝑦
−
𝜕𝐻𝑦
𝜕𝑧
) = −
𝑘𝑦
𝜔𝜀
𝐻𝑧 +
𝑘𝑧
𝜔𝜀
𝐻𝑦 
𝐸𝑦 =
𝑗
𝜔𝜀
(
𝜕𝐻𝑧
𝜕𝑥
−
𝜕𝐻𝑥
𝜕𝑧
) =
𝑘𝑥
𝜔𝜀
𝐻𝑧 −
𝑘𝑧
𝜔𝜀
𝐻𝑥 
𝐸𝑧 = −
𝑗
𝜔𝜀
(
𝜕𝐻𝑦
𝜕𝑥
−
𝜕𝐻𝑥
𝜕𝑦
) = −
𝑘𝑥
𝜔𝜀
𝐻𝑦 +
𝑘𝑦
𝜔𝜀
𝐻𝑥 
 
(B-10a) 
 
(B-10b) 
 
(B-10c) 
 
Using the above equations we see that the curl equation of (B-4) can be written as: 
?⃗? =
1
𝜔𝜀
?⃗? × 𝑘𝑚𝑘?̂? 
(B-11) 
 
where 𝑘𝑚𝑘?̂? = 𝑘𝑥?̂? + 𝑘𝑦?̂? + 𝑘𝑧𝑧 ̂.  
Using equation (B-10b) and the fact that for TM case we considered only the Hx 
component we get: 
𝐸𝑦 = −
𝑘𝑧
𝜔𝜀
𝐻𝑥 
 
(B-12) 
On the other hand  
𝑘𝑚 = 𝜔√𝜇𝜀 ⇒
1
√𝜇𝜀
=
𝜔
𝑘𝑚
⇒
1
√𝜀
=
𝜔√𝜇
𝑘𝑚
 
𝜂𝑚 = √
𝜇
𝜀
 
(B-13a) 
 
(B-13b) 
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Substituting (B-13a) and (B-13b) into (B-12) gives: 
𝐸𝑦 = −
𝑘𝑧
𝜔𝜀
𝐻𝑥 = −
𝑘𝑧
𝜔√𝜀 ∙ √𝜀
𝐻𝑥 = −
𝑘𝑧
𝜔√𝜀
𝜔√𝜇
𝑘𝑚
= −
𝑘𝑧
𝑘𝑚
 𝜂𝑚𝐻𝑥 
 
(B-14) 
and from equation (B-1) we get: 
𝐾𝑚𝑥 = −2𝐸𝑦 = 2 ∙
𝑘𝑧
𝑘𝑚
 𝜂𝑚𝐻𝑥 
 
(B-15) 
 
This leads to  
𝐻𝑥|𝑓𝑟𝑜𝑚 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑠𝑜𝑢𝑟𝑐𝑒 =
𝐾𝑚𝑥
2 ∙
𝑘𝑧
𝑘𝑚
 𝜂𝑚
=
1
2
𝐾𝑚𝑥
𝑘𝑧
𝜔𝜀
=
1
2
𝐾𝑚𝑥
𝜔𝜀
𝑘𝑧
 
(B-16) 
Similarly from (B-2) we have: 
𝐻𝑥|𝑓𝑟𝑜𝑚 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑠𝑜𝑢𝑟𝑐𝑒 =
𝐾𝑒𝑦
2
 
(B-17) 
In order to have only an upward travelling wave the Hx field generated by the electric and 
magnetic currents must be superimposed. This way the downward traveling waves are 
cancelled and the total Hx field reads: 
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𝐻𝑥
𝑇𝑀 = 𝐻𝑥|𝑓𝑟𝑜𝑚 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑠𝑜𝑢𝑟𝑐𝑒
+ 𝐻𝑥|𝑓𝑟𝑜𝑚 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑠𝑜𝑢𝑟𝑐𝑒
=
𝐾𝑒𝑦
2
+
1
2
𝐾𝑚𝑥
𝜔𝜀
𝑘𝑧
 
(B-18) 
 
In a similar approach for the TE waves the Ex field is generated by the electric and 
magnetic currents shown in the following figure. 
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Fig. B-2.  The electric and magnetic surface current sources required to generate TE 
waves. Superposition of these two sources contributes only the upward travelling wave. 
 
 
Discontinuity of the electric and magnetic fields at the z=0 boundary, gives the following 
currents. 
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𝐾𝑚⃗⃗ ⃗⃗  ⃗ = −?̂? × (𝐸𝑥?̂? + 𝐸𝑥?̂?) = −2𝐸𝑥?̂? (B-19) 
 
𝐾𝑒⃗⃗⃗⃗ = ?̂? × (𝐻𝑦?̂? + 𝐻𝑦?̂?) = −2𝐻𝑦?̂? (B-20) 
 
Similar to the discussion on TM waves, the solution to the Helmholtz equations for the E 
field leads to: 
𝐸𝑥(𝑥, 𝑦, 𝑧) = 𝐸𝑥0𝑒
−𝑗(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧) 
𝐸𝑦(𝑥, 𝑦, 𝑧) = 𝐸𝑦0𝑒
−𝑗(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧) 
𝐸𝑧(𝑥, 𝑦, 𝑧) = 𝐸𝑧0𝑒
−𝑗(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧) 
 
(B-21a) 
(B-21b) 
(B-21c) 
(B-21d) 
 
Applying Maxwell’s equation (B-3) to these set of equations gives: 
𝐻𝑥 =
𝑗
𝜔𝜇
∙ 𝐸𝑧(−𝑗𝑘𝑦) +
𝑗
𝜔𝜇
∙ (𝑗𝑘𝑧)𝐸𝑦
=
𝑘𝑦
𝜔𝜇
𝐸𝑦 −
𝑘𝑧
𝜔𝜇
𝐸𝑦 
𝐻𝑦 = −
𝑘𝑥
𝜔𝜇
𝐸𝑧 +
𝑘𝑧
𝜔𝜇
𝐸𝑥 
𝐻𝑧 =
𝑘𝑥
𝜔𝜇
𝐸𝑦 −
𝑘𝑦
𝜔𝜇
𝐸𝑥 
 
(B-22a) 
 
 
(B-22b) 
 
(B-22c) 
Using these equations the curl equation (B-3) can be written as: 
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?⃗? =
−1
𝜔𝜇
?⃗? × 𝑘𝑚⃗⃗ ⃗⃗  ⃗ 
(B-23) 
  
Now using the equations (B-22a) the electric current can be derived in terms of Ex. 
𝐾𝑒⃗⃗⃗⃗ = −2𝐻𝑦?̂? = −2
𝑘𝑧
𝜔𝜇
𝐸𝑥?̂?
⇒𝐾𝑒𝑥 = −2
𝑘𝑧
𝜔𝜇
𝐸𝑥 
(B-24) 
 
Similar to the TM case the upward travelling wave is derived by superimposing the two 
waves generated by the electric and magnetic fields: 
𝐸𝑥
𝑇𝐸 = 𝐸𝑥|𝑓𝑟𝑜𝑚 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑠𝑜𝑢𝑟𝑐𝑒
+ 𝐸𝑥|𝑓𝑟𝑜𝑚 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑠𝑜𝑢𝑟𝑐𝑒
= −
𝐾𝑚𝑦
2
−
1
2
𝐾𝑒𝑥
𝜔𝜇
𝑘𝑧
 
(B-25) 
 
The Fields Just Above an Arbitrary Current Wave: 
Suppose we have a current wave propagating in arbitrary direction with the propagation 
vector  (𝑘𝑥, 𝑘𝑦) . (See Fig. B-3) 
The current wave is a plane wave and we know that its phase planes are perpendicular to 
the propagation vector. Assume the point (xa,ya) on the plane where the propagating 
vector is given by  (𝑘𝑥1, 𝑘𝑦1) . The fields at point b are equal to the fields at point a since 
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the current wave is a plane wave. Point b is a point on the same phase plane as point a. 
Connecting this point to the origin gives a line along the direction(𝑘𝑥1, 𝑘𝑦1) . Since here 
we are dealing with the current wave which is an infinite plane wave we know that the 
phase planes are perpendicular to the k vectors. The fields of any two points on the same 
phase plane are the same. Therefore the fields of point a are equal to the fields of point b.  
 
Fig. B-3.  Direction of propagation of a current plane wave and two different points 
locating on the same phase plane 
 
Based on figure we define an angle φk which helps us to decompose and recompose 
vectors in k-space. Spherical coordinate system is an appropriate system for the problems 
with finite sources. Plane Y-Z can be interpreted in spherical coordinate system as a 
plane located at φ=90. Axis Y is considered as projection of component ρ and axis X is 
considered as the direction of –φ. This way all the field components in equations (B-18) 
and (B-25) can be written in terms of ρ and φ components by substituting the x 
components with –φ and the y components with ρ. Equation (B-18) gives: 
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𝐻𝜑
𝑇𝑀 =
−𝐾𝑒𝜌
2
−
1
2
𝐾𝑚𝜑
𝜔𝜀
𝑘𝑧
 
 
(B-26) 
 
And equation (B-25) gives: 
𝐸𝜑
𝑇𝐸 =
𝐾𝑚𝜌
2
−
1
2
𝐾𝑒𝜑
𝜔𝜇
𝑘𝑧
 
 
(B-27) 
 
These are the fields at a plane z=0
+
, a plane just above the current sheet. Therefore the 
fields in the incident plane are θ-directed and are calculated from the following 
equations: 
𝐸𝜃
𝑇𝑀 = 𝜂0𝐻𝜑
𝑇𝑀 (B-28) 
 
 
𝐻𝜃
𝑇𝐸 = −
𝐸𝜑
𝑇𝐸
𝜂0
 
(B-29) 
 
However all the discussions above which relates the currents to the fields concerned 
with the tangential fields on z=0 plane. Therefore we need to calculate the ρ projection of 
the fields in (B-28) and (B-29). 
𝐸𝜌
𝑇𝑀 =
𝑘𝑧
𝑘0
𝐸𝜃
𝑇𝑀 =
𝑘𝑧
𝑘0
𝜂0𝐻𝜑
𝑇𝑀
= −
1
2
𝐾𝑚𝜑 −
𝑘𝑧
2𝜔𝜀
𝐾𝑒𝜌 
(B-30) 
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𝐻𝜌
𝑇𝐸 =
𝑘𝑧
𝑘0
𝐻𝜃
𝑇𝐸 = −
𝑘𝑧
𝑘0𝜂0
𝐸𝜑
𝑇𝐸
=
1
2
𝐾𝑒𝜑 −
𝑘𝑧
2𝜔𝜇
𝐾𝑚𝜌 
(B-31) 
 
These equations represent the fields in terms of the ρ and φ components of the electric 
and magnetic currents. Assuming the electric current with propagation wave number of 
(kx,ky), it can be decomposed into TE and TM components. Based on the schematic of 
Fig. (B-4) the normal component of the 𝐾𝑒⃗⃗⃗⃗  ⃗ to the plane of incident (TE component) can 
be represented as the normal component to the k vector. Similarly the tangential 
component of the  𝐾𝑒⃗⃗⃗⃗  ⃗ in the plane of incident (TM component) can be represented as the 
component along with the k vector. Again using Fig. (B-4) which says the fields at point 
a are equal to the fields at point b, we use point b and define that the current wave 
components along the k vector are considered as ρ component of the current and the 
components normal to the k vector are considered as the φ components. These 
components are derived in terms of x and y components using the following equations. In 
these equations 𝑘𝜌 = √𝑘𝑥
2 + 𝑘𝑦
2 = √𝑘0
2 − 𝑘𝑧
2
  
𝐾𝑒𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 𝐾𝑒𝜌
= 𝐾𝑒𝑥 cos 𝜑𝑘
+ 𝐾𝑒𝑦 sin𝜑𝑘 =𝐾𝑒𝑥
𝑘𝑥
𝑘𝜌
+ 𝐾𝑒𝑦
𝑘𝑦
𝑘𝜌
 
(B-32) 
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𝐾𝑒𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 = 𝐾𝑒𝜑
= −𝐾𝑒𝑥 sin𝜑𝑘
+ 𝐾𝑒𝑦 cos𝜑𝑘 =−𝐾𝑒𝑥
𝑘𝑦
𝑘𝜌
+ 𝐾𝑒𝑦
𝑘𝑥
𝑘𝜌
 
(B-33) 
 
Equation (B-32) shows the current waves that generate the TM fields and equation 
(B-33) shows the current waves that generate the TE fields. 
Similarly for the magnetic currents the parallel and normal surface currents are: 
𝐾𝑚𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 𝐾𝑚𝜌 = 𝐾𝑚𝑥 cos𝜑𝑘 + 𝐾𝑚𝑦 sin𝜑𝑘
= 𝐾𝑚𝑥
𝑘𝑥
𝑘𝜌
+ 𝐾𝑚𝑦
𝑘𝑦
𝑘𝜌
 
 
(B-34) 
𝐾𝑚𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 = 𝐾𝑚𝜑 = −𝐾𝑚𝑥 sin𝜑𝑘 + 𝐾𝑚𝑦 cos𝜑𝑘
= −𝐾𝑚𝑥
𝑘𝑦
𝑘𝜌
+ 𝐾𝑚𝑦
𝑘𝑥
𝑘𝜌
 
(B-35) 
 
Equation (B-34) shows the current waves that generate the TE waves and equation 
(B-35) shows the current waves that generate the TM waves. 
Given the equations (B-32) to (B-35) the fields just above the z=0 plane can be 
calculated using equations (B-26) to (B-31). These fields can then be represented in 
Cartesian coordinate system through the following equations: 
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𝐸𝑥 = 𝐸𝜌 cos𝜑𝑘 − 𝐸𝜑 sin 𝜑𝑘
= 𝐸𝜌
𝑘𝑥
𝑘𝜌
− 𝐸𝜑
𝑘𝑦
𝑘𝜌
 
𝐸𝑦 = 𝐸𝜌 sin𝜑𝑘 + 𝐸𝜑 cos𝜑𝑘
= 𝐸𝜌
𝑘𝑦
𝑘𝜌
+ 𝐸𝜑
𝑘𝑥
𝑘𝜌
 
𝐸𝑧 = −𝐸𝜃 sin 𝜃𝑘 = −𝐸𝜃
𝑘𝜌
𝑘0
 
 
(B-36a) 
 
 
(B-36b) 
 
 
(B-36c) 
 
 
𝐻𝑥 = 𝐻𝜌 cos𝜑𝑘 − 𝐻𝜑 sin𝜑𝑘
= 𝐻𝜌
𝑘𝑥
𝑘𝜌
− 𝐻𝜑
𝑘𝑦
𝑘𝜌
 
𝐻𝑦 = 𝐻𝜌 sin 𝜑𝑘 + 𝐻𝜑 cos 𝜑𝑘
= 𝐻𝜌
𝑘𝑦
𝑘𝜌
+ 𝐻𝜑
𝑘𝑥
𝑘𝜌
 
𝐻𝑧 = −𝐻𝜃 sin 𝜃𝑘 = −𝐻𝜃
𝑘𝜌
𝑘0
 
(B-37a) 
 
 
(B-37b) 
 
 
(B-37c) 
 
These fields  (just above the z=0 plane) are important because the tangential fields Ex, 
Ey, Hx and Hy behaves as voltages and currents in one dimensional transmission line so 
that once they are known at z=0 they will be known at all values of z by simply 
multiplying them by 𝑒−𝑗𝑘𝑧𝑧 . For the Z-directed fields they can always be reconstructed 
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from tangential fields using the curl equations. For the uniform plane wave the case is 
easier since the θ component can be made from the ρ component using the θk and 
consequently the z component is derived from the θ component. 
Now we address a realistic problem of calculating the fields radiated by an arbitrary 
current source. Suppose we have a confined harmonic electric current source Ce(x,y). 
This current can be decomposed into an infinite sum of the current waves using Fourier 
transform. 
𝐶𝑒𝑥(𝑥, 𝑦) = ∫ ∫ 𝐾𝑒𝑥(𝑘𝑥, 𝑘𝑦)exp (−𝑗𝑘𝑥𝑥 − 𝑗𝑘𝑦𝑦)𝑑𝑘𝑥𝑑𝑘𝑦
+∞
−∞
+∞
−∞
 
𝐶𝑒𝑦(𝑥, 𝑦) = ∫ ∫ 𝐾𝑒𝑦(𝑘𝑥, 𝑘𝑦)exp (−𝑗𝑘𝑥𝑥 − 𝑗𝑘𝑦𝑦)𝑑𝑘𝑥𝑑𝑘𝑦
+∞
−∞
+∞
−∞
 
 (B-38a) 
 
(B-38b) 
 
The plane waves or the spectral currents that compose the spatial current are obtained by: 
𝐾𝑒𝑥(𝑘𝑥, 𝑘𝑦) = 𝑁 ∫ ∫ 𝐶𝑒𝑥(𝑥, 𝑦)exp (𝑗𝑘𝑥𝑥 + 𝑗𝑘𝑦𝑦)𝑑𝑥𝑑𝑦
+∞
−∞
+∞
−∞
 
 
𝐾𝑒𝑦(𝑘𝑥, 𝑘𝑦) = 𝑁 ∫ ∫ 𝐶𝑒𝑦(𝑥, 𝑦)exp (𝑗𝑘𝑥𝑥 + 𝑗𝑘𝑦𝑦)𝑑𝑥𝑑𝑦
+∞
−∞
+∞
−∞
 
(B-39a) 
 
 
(B-39b) 
 
where N is the normalization factor for Fourier transform. These equations clearly 
explain the reason that a harmonic current source radiates electromagnetic waves in 
various directions with different strengths is that it composed of plane waves of current at 
various strengths and each of those plane waves of currents radiates in only one direction 
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in the upper hemisphere (z>0). Each of these current plane waves in Equation (B-38) is 
 𝐾𝑒𝑥(𝑘𝑥, 𝑘𝑦)𝑑𝑘𝑥𝑑𝑘𝑦 and its direction of propagation is given by (kx,ky).  
In what follows we show the waves radiated by a patch of uniform electric current source 
directed along the Y axis. A 0.1λ uniform patch of current in a 2.55λ domain is depicted 
in Fig. (B-4). The number of points for the discrete Fourier-transform along X and Y is 
256 and the discretization, ds, is 0.01 λ.  
 
Fig. B-4. A uniform square patch of current expanded 0.1λ on each side 
The Fourier transform of this patch of current is a Sinc function and it is shown in Fig. 
(B-5). The extension of the k-space is determined by the discretization in a way that kx 
and ky vectors are extended from –kext to kext where the kext is calculated from 𝑘𝑒𝑥𝑡 =
𝜋
𝑑𝑠
. 
For example if ds=0.01,  𝑘𝑒𝑥𝑡 =
𝜋
0.01
= 2
𝜋
𝜆
∙
1
0.02
= 50𝑘0 which means the k-space 
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includes all the slow evanescent  (𝑘 > 𝑘0) and fast radiating (𝑘 < 𝑘0) waves in this 
range.  
 
Fig. B-5.  Fourier transform of the spatial patch of current (Spectral current) 
 
Depending on where the observation point is the radiating fields at that point are 
calculated from multiplying this spectrum by exp (−𝑗𝑘𝑧𝑧𝑜𝑏𝑠) .  
The procedure for the remaining part of this appendix is as follows: 
The current source is placed above a slab of negative-permittivity material. To 
calculate the reflected and transmitted waves by this slab, we first decompose the spatial 
current source into its spectrum using (B-39). Then depending on the distance from 
which we want to excite the slab we multiply the spectrum by exp (−𝑗𝑘𝑧𝑧𝑜𝑏𝑠). Here zobs  
is this distance. This will bring the spectrum to the surface of the slab. As we said the 
elements consisting this spectrum are current plane waves. Each of these plane waves 
goes under a reflection and transmission and the result is the reflected and transmitted 
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plane waves. Taking the inverse Fourier transform of these waves gives the total reflected 
and transmitted fields at the surface of the slab.  
Case 1: A λ/10-thick silver slab at the wavelength of 340nm where the permittivity of 
slab is -1.1-j0.66. 
The incident electric field at the surface of the slab is shown in Fig. (B-6)  
 
Fig. B-6.  The amplitude of the incident E field components at the top surface of slab 
when the source is at 0.2λ from the slab 
 
According to figure (B-4) the E fields along the k direction must be transmitted and 
reflected using the TM coefficients and the E fields normal to that are transmitted and 
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reflected using the TE coefficients.  The total field under the slab is the transmitted field 
and the total field above it is the superposition of the reflected and the incident wave. 
(See Fig. (B-7)) 
 
Fig. B-7.  Fields to be compared are the total field above and below the slab in order to 
prove the surface-to-surface coupling phenomenon of Plasmon resonance 
 
𝐸𝜌_𝑡𝑟𝑎𝑛𝑠
𝑇𝑀 = 𝐸𝜌
𝑇𝑀 ∙ 𝛵𝑇𝑀 
𝐸𝜌_𝑡𝑜𝑡𝑎𝑙
𝑇𝑀 = 𝐸𝜌
𝑇𝑀 ∙ 𝛤𝑇𝑀 + 𝐸𝜌
𝑇𝑀 
(B-40a) 
(B-40b) 
 
𝐸𝜑_𝑡𝑟𝑎𝑛𝑠
𝑇𝐸 = 𝐸𝜑
𝑇𝐸 ∙ 𝛵𝑇𝐸 
𝐸𝜑_𝑡𝑜𝑡𝑎𝑙
𝑇𝐸 = 𝐸𝜑
𝑇𝐸 ∙ 𝛤𝑇𝐸 + 𝐸𝜑
𝑇𝐸 
(B-41a) 
(B-41b) 
 
 From these ρ and φ components the x and y components are calculated similar to (B-36). 
The resulted transmitted E fields are: 
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Fig. B-8.  The x component of the E field above and below the slab when the source is at 
a distance of 0.2λ from the surface .ε=-1.1-j0.66 
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Fig. B-9.  The y component of the E field above and below the slab when the source is at 
a distance of 0.2λ from the surface. ε=-1.1-j0.66 
 
 
For this experiment we entered the permittivity of silver at the wavelength where the 
surface plasmon resonance occurs (at 𝜀 ≈ −1). Looking at Fig. (B-8) and (B-9) and 
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comparing them to the amplitude of the Ex field in Fig. (B-6) clearly shows the 
enhancement of these fields on both sides on the slab.  
Case 2: A λ/10 silver slab at the wavelength of 340nm where the permittivity of slab is -
2-j0.68. 
 
Fig. B-10.  The x component of the E field above and below the slab when the source is 
at a distance of 0.2λ from the surface. ε=-2-j0.68 
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Fig. B-11.  The y component of the E field above and below the slab when the source is 
at a distance of 0.2λ from the surface.ε=-2-j0.68 
 
Case 3: A λ/10 silver slab at the wavelength of 340nm where the permittivity of slab is –
6.9-j1. 
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Fig. B-12.  The x component of the E field above and below the slab when the source is 
at a distance of 0.2λ from the surface.ε=-6.9-j1 
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Fig. B-13.  The y component of the E field above and below the slab when the source is 
at a distance of 0.2λ from the surface.ε=-6.9-j1 
 
Up to this point it is seen that as the real part of the permittivity of silver gets more 
negative, in consistent with what we observed in chapter 3, the silver slab becomes 
almost opaque which means the strength of the transmitted fields below the slab is less 
than the fields above it. 
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Now in the last case we want to see the behavior of the fields at the wavelength where 
our designed optical sensor resonates.  
Case 4: A λ/10 silver slab at the wavelength of 340nm where the permittivity of slab is -
20-j3. 
 
Fig. B-14.  The x component of the E field above and below the slab when the source is 
at a distance of 0.2λ from the surface. ε=-20-j3 
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Fig. B-15.  The y component of the E field above and below the slab when the source is 
at a distance of 0.2λ from the surface. ε=-20-j3 
 
 
Fig. (B-14) and (B-15) show the very low transmission of waves through the silver slab at 
the wavelength of interest is observed. The thickness of the silver slab in our design was 
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60nm which was almost 1/10
th
 of the resonance wavelength (around 600nm). Here we 
considered all the dimensions to be normalized to the wavelength and the normalized 
thickness of the slab is 
1
10
 .  
So far the source was placed at the distance of 0.2λ from the surface of the slab. Now 
we bring the source closer to a distance of 0.05 λ which is almost at the surface of the 
slab. To have a sense of the magnitude of the fields the following two figures show the 
fields in the air.  
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Fig. B-16.  The x component of the E field in the air at a distance of 0.05λ (denoted by 
above in the figure) and 0.15λ (denoted by below in the figure) from the current source. 
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Fig. B-17.  The y component of the E field in the air at a distance of 0.05λ (denoted by 
above in the figure) and 0.15λ (denoted by below in the figure) from the current source. 
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Fig. B-18.  The z component of the E field in the air at a distance of 0.05λ (denoted by 
above in the figure) and 0.15λ (denoted by below in the figure) from the current source. 
 
Now slab is placed in front of the source and the fields are shown for the wavelength of 
interest where the permittivity is -20-j3. 
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Fig. B-19.  The x component of the E field above and below the slab when the source is 
at a distance of 0.05λ from the surface. ε=-20-j3 
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Fig. B-20.  The y component of the E field above and below the slab when the source is 
at a distance of 0.05λ from the surface. ε=-20-j3 
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Fig. B-21.  The z component of the E field above and below the slab when the source is 
at a distance of 0.05λ from the surface. ε=-20-j3 
 
Now for the wavelength at which the surface plasmon resonance occurs the fields of a 
very close source are: 
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Fig. B-22.  The x component of the E field above and below the slab when the source is 
at a distance of 0.05λ from the surface. ε=-1.1-j0.66 
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Fig. B-23.  The y component of the E field above and below the slab when the source is 
at a distance of 0.05λ from the surface. ε=-1.1-j0.66 
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Fig. B-24.  The z component of the E field above and below the slab when the source is 
at a distance of 0.05λ from the surface. ε=-1.1-j0.66 
 
Even though the amplitudes of the fields above and below the slab are not the same, 
comparing these fields to the ones in Fig. (B-16) to (B-18) still reveals that they are both 
larger than the corresponding magnitudes when there is no slab in front of the source. 
This still show the coupling of the plasmon resonances at the two surfaces. 
186 
 
As a final discussion we show the effect of loss on the transmission through the slab. 
The x and y components of the E fields are shown in the following figures for different 
values of loss while keeping the real part of the permittivity constant. The results are 
shown in two cuts of the plane, along the direction of the current patch (Y axis) and 
normal to it (X axis) 
 
Fig. B-22.  The effect of adding loss to the permittivity of the slab material. As it is 
expected adding more loss decreases the amplitudes of the fields. (Ex’s are with symbols, 
Ey’s are solid lines) 
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Fig. B-23.  The effect of adding loss to the permittivity of the slab material. As it is 
expected adding more loss decreases the amplitudes of the fields. (Ex’s are with symbols, 
Ey’s are solid lines) 
 
 
In this appendix using plane wave spectrum method the surface-to-surface coupling 
of the localized surface plasmon was analytically shown. It was also demonstrated that 
the transmission of light through the silver slab at the frequency where our designed 
antenna resonates, is very low. This, as was discussed throughout the chapters, helps to 
improve the signal to noise ratio of the system.  
 
